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ABSTRACT
The mitochondrion is an essential organelle in eukaryotic cells. The major 
functions of mitochondria are ATP production, calcium homeostasis, heme and lipid 
biosynthesis and apoptosis. Mitochondria form a dynamic tubular spaghetti-like network 
that fuses, divides and moves within the cell. The molecular events that regulate 
mitochondrial dynamics are important for various cellular and developmental processes 
and are linked to cellular dysfunction and disease. This dissertation focuses on the 
molecular machineries that carry out mitochondrial fission in yeast and human.
Mitochondrial fission requires both dynamin-related GTPases (called Dnm1/Drp1 
in yeast/human) and membrane adaptors. In yeast, a tail-anchored protein called Fis1 and 
an adaptor protein called Mdv1 recruit Dnm1 to the membrane. Mdv1 interacts with 
Dnm1 and stimulates Dnm1 self-assembly. Although Fis1 is conserved in humans, an 
Mdv1 ortholog is absent. Instead, humans have at least three other membrane anchored 
proteins (Mff, MiD49, MiD51/MIEF1) whose roles in fission are poorly defined.
Studies presented in this thesis address two key issues related to mitochondrial 
fission. First, experiments in Chapter 2 address how the structure of the yeast 
mitochondrial adaptor (Mdv1) affects Dnm1 function. A structural study of the Mdv1 
central domain shows that this region forms an unusually long antiparallel coiled coil 
which positions the P-propeller domains of Mdv1 to interact with Dnm1 as it transitions 
from the cytoplasm to mitochondria. In vivo studies with altered coiled coil domains
demonstrates the importance of this domain in Mdv1-Fis1 binding, Dnml mitochondrial 
recruitment and Dnm1-mediated mitochondrial fission. Second, experiments in Chapter 3 
determine whether multiple human adaptors are capable of working independently to 
elicit Drp1-mediated membrane fission. In vivo studies using the yeast and human 
adaptors in a minimal yeast system show that Fis1 is dispensable for mitochondrial 
membrane scission. These studies also demonstrate that Mdv1, Mff, or MiDs can work in 
parallel with their corresponding DRPs to catalyze membrane fission. Importantly, co­
assembly of MiD49 protein with Drp1 dramatically decreases the diameter of assembled 
Drp1 structures. Together, these studies advance our understanding of how adaptors and 
fission dynamins work together to achieve membrane constriction and fission, and raise 
important questions for future studies.
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The General Organization and Function of Mitochondria
The mitochondrion is a doubled-membraned organelle that is present in virtually 
all eukaryotic cells. According to the endosymbiont theory, the present day 
mitochondrion originated from the engulfment of an a-proteobacterium by a primordial 
eukaryotic cell (Gray et al., 1999; Henze and Martin, 2003; Margulis, 1981; Wallace, 
2005).
The mitochondrion contains outer and inner mitochondrial membranes as 
depicted in Figure 1.1. These two membranes are vastly different in their composition 
and function but both play critical roles in the compartmentalization of the organelle. The 
aqueous space between the outer and inner membrane is called the intermembrane space. 
The inner mitochondrial membrane forms highly convoluted membrane invaginations 
called cristae. The cristae structures house protein complexes involved in ATP production 
through oxidative phosphorylation reactions. The inner mitochondrial membrane 
encloses an aqueous compartment called the matrix. In addition to the circular 
mitochondrial DNA genome (which encodes RNAs and proteins necessary for respiratory 
function), the matrix also contains enzymes of the citric acid cycle and (in some 
organisms) the beta-oxidation pathway.
Apart from performing various metabolic and ATP generating functions, 
mitochondria play critical roles in cellular calcium storage and signaling (Szabadkai et 
al., 2004). Calcium ion concentrations inside mitochondria can regulate the activity of 
some dehydrogenase enzymes (Denton, 2009; McCormack and Denton, 1980). In 
addition, the calcium ion concentration inside the mitochondrion has been shown to be 
critical for apoptosis (Pinton et al., 2008). Apoptotic cell death also requires loss of mito-
2
3Figure 1.1. Compartments of the Mitochondrion.
The mitochondrion contain two membranes, the outer and inner membranes. The inner 
membrane folds inward forming convoluted invaginations called cristae, marked by the 
red rectangle. The space between the two membranes is called the intermembrane space. 
The inner most aqueous part of the mitochondrion is called the matrix.
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chondrial membrane potential and the release of cytochrome c from the mitochondrial 
inner membrane (Lasorsa et al., 2003; Pinton et al., 2001; Szabadkai and Rizzuto, 2004; 
Szalai et al., 1999). Together, mitochondrial integrity and composition are very important 
for cell growth, signaling and survival.
Mitochondrial Dynamics and Human Diseases
Mitochondria appear as bean or oval-shaped organelles in transmission electron 
microscopy (TEM) images (Figure 1.2). Although TEM images are extremely useful in 
showing the structural details within an organelle, the TEM images do not accurately 
portray the actual shape and size of an organelle since TEM images are static and 
obtained from ultra-thin sections of a chemically fixed specimen. Thanks to the discovery 
of fluorescent proteins, live cell imaging studies over the last 10-15 years have shown 
that mitochondria are highly dynamic organelles that constantly change their shape, size, 
number and distribution (Chan, 2006a, b; Nunnari et al., 1997; Okamoto and Shaw, 
2005). There are at least four distinct pathways that regulate the dynamic behavior of 
mitochondria. These pathways include mitochondrial fission, fusion, tubulation and 
transport (Bereiter-Hahn and Voth, 1994; Boldogh et al., 2001; Nunnari et al., 1997). 
Genetic studies in Saccharomyces cerevisiae (budding yeast) have been instrumental in 
the identification of molecular machineries that control these mitochondrial dynamics 
(Bleazard et al., 1999; Hermann et al., 1998; Mozdy et al., 2000; Okamoto and Shaw, 
2005; Sesaki and Jensen, 1999; Tieu et al., 2002). Moreover, recent studies carried out in 
various multicellular organisms show that mitochondrial dynamics and molecular
5
6Figure 1.2. Transmission Electron Microscopy (TEM) Image of Mitochondria.
Lung cell mitochondrion showing convoluted cristae invaginations. Scale bar 100 nm. 
Courtesy of Louisa Howard, Dartmouth College, Hanover, NH, U.S.A.
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8machines are conserved in all eukaryotes studied thus far and are very important for the 
health of the organism (Chan, 2006b).
It is now clear that mitochondria form highly dynamic branched tubular networks 
that distribute outward from the nuclear periphery into the cytoplasm (Okamoto and 
Shaw, 2005). Microscopy studies using fluorescently labeled mitochondria show that 
these organelles actively divide, fuse, change their shape and move around the cytoplasm. 
In cells that are very long such as neurons, mitochondria travel long distances between 
the cell body and synaptic terminals using cytoskeletal tracks and motor proteins 
(Bereiter-Hahn and Voth, 1994; Boldogh et al., 2001; Chen and Chan, 2005; Nunnari et 
al., 1997; Okamoto and Shaw, 2005). Genetic and mass spectrometric screens have 
identified proteins that are responsible for dynamically modulating these organelles. All 
genes required for mitochondrial dynamics are encoded by the nuclear genome (Angelini 
et al., 2009). Gene knockout studies indicate that the mitochondrial dynamics are crucial 
for the development and life of an organism (Liesa et al., 2009).
Regulated fission and fusion allows mitochondria to exchange their contents, 
including mtDNA, RNAs and proteins (Twig et al., 2008). This exchange helps maintain 
a healthy organelle in the mother cell that can also be duplicated and transported into 
daughter cells during division (Nakada et al., 2001; Twig et al., 2008). Dysfunction of 
proteins required for mitochondrial dynamics can contribute to aging and cause human 
diseases (Chan, 2006a; Chang et al., 2010), including neurodegenerative diseases such as 
Huntington’s disease, Alzheimer’s disease, Parkinson’s disease (Mattson et al., 2008; 
Reddy et al., 2009; Wang et al., 2009), cardiovascular disease (Ong and Hausenloy,
2010) and skeletal muscle atrophy (Romanello et al., 2010). Due to the link between
mitochondrial dynamics dysfunction and disease, understanding how these processes 
keep cells, tissues and organisms healthy is getting much more attention of late.
Mitochondrial Fission in Yeast and Man
Mitochondria cannot be created de novo. Daughter cells have to inherit at least a 
copy of a mitochondrion from the mother cells in order to survive (Boldogh et al., 2005). 
How does a cell overcome this problem and generate sufficient mitochondrial mass and 
copy number in the mother cell, so a portion of which can be inherited by the daughters 
during division? Some ground breaking discoveries in late nineties identified proteins 
that modulate mitochondrial copy number (Okamoto and Shaw, 2005). These are the 
proteins involved in mitochondrial fission and fusion. Genetic and fluorescence 
microscopy studies in Saccharomyces cerevisiae established the concept of dynamic 
balance between these two opposing events (Bleazard et al., 1999; Sesaki and Jensen, 
1999). Both of these processes are controlled by independent sets of proteins. When 
proteins essential for either of these two membrane remodeling events are knocked out in 
yeast cells, continuous membrane fission or fusion leads to the formation of 
mitochondrial fragmentation or nets, respectively (Okamoto and Shaw, 2005). Excessive 
mitochondrial fragmentation leads to mitochondrial DNA loss and respiratory defects in 
yeast. Likewise, excessive mitochondrial fusion makes it hard for yeast cells to pass 
mitochondria to daughter cells during sporulation (Gorsich and Shaw, 2004). These 
findings highlight the importance of the balance between these two membrane- 
remodeling events. More recent studies in multicellular organisms of the plant and animal 
kingdoms established that mitochondrial fission and fusion and the protein machineries 
that control these processes are at least partially conserved in different eukaryotic
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kingdoms. The studies in this thesis focus on understanding of the molecular players and 
the mechanisms of mitochondrial fission.
Saccharomyces cerevisiae has been the prototype organism for studying the 
process of mitochondrial fission. In yeast, mitochondrial fission requires three proteins; 
Dnm1, Fis1 and Mdv1. Dnm1 is a dynamin related GTPase that acts as the 
mechanochemical enzyme that severs the mitochondrial compartment (Otsuga et al., 
1998). Fis1 is anchored to the outer mitochondrial membrane via its C-terminus and faces 
the cytoplasm (Mozdy et al., 2000). Mdv1 is an adaptor that localizes to the 
mitochondrial outer membrane via its interaction with Fis1 (Tieu and Nunnari, 2000) A 
complex formed between Fis1 and Mdv1 on the membrane recruits Dnm1 by direct 
binding between Mdv1 and Dnm1. Fluorescence microscopy studies show that Mdv1 and 
Dnm1 further assemble into large complexes. Time-lapse imaging studies show that 
mitochondrial fission occurs in a stochastic manner at sites where both Mdv1 and Dnm1 
are assembled (Cerveny and Jensen, 2003; Cerveny et al., 2001; Fekkes et al., 2000; 
Karren et al., 2005; Tieu and Nunnari, 2000; Tieu et al., 2002). The cellular signaling 
circuitry that controls the localization and assembly of Mdv1 and Dnm1 on mitochondria 
is not understood.
In addition to yeast, mitochondrial fission has been well studied in worms, flies, 
plants and mammals. As part of my thesis work, I studied the fission process using yeast 
and human proteins. Table 1.1 summarizes the mitochondrial fission proteins in yeast and 
humans. Two components of the mitochondrial fission machinery, the dynamin-related 
GTPase Dnm1/Drp1 and the membrane anchor Fis1/hFis1, are conserved in these two or-
10
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Table 1.1 Conserved and Nonconserved Mitochondrial Fission Components 
in Yeast and Humans
Yeast Role in fission Human Role in fission
Dynamin-related Dnm1 Essential Drp1 Essential
GTPase
Membrane anchor yFis1 Essential hFis1 Not determined
Adaptor Mdv1 Essential
Adaptor Caf4 Nonessential
Membrane anchor Mff Essential
Membrane anchor hMiD49 Not determined
Membrane anchor hMiD51 Not determined
Green: conserved among eukaryotes, Purple: conserved among fungi, Blue: 
conserved among metazoans, Orange: conserved among vertebrates.
ganisms (Table 1.1 purple shading). In yeast, Mdv1 and its nonessential paralog Caf4 
(Griffin et al., 2005) interact with Fis1 on the outer mitochondrial membrane and, in turn, 
bind and recruit Dnm1 to the membrane. To date, Mdv1/Caf4 orthologs have not been 
identified outside of the fungal kingdom. Recent studies in mammals have identified 
three additional membrane localized mitochondrial fission proteins called Mff, MiD49 
and MiD51 (MIEF1) (Gandre-Babbe and van der Bliek, 2008; Otera et al., 2010; Palmer 
et al., 2011; Zhao et al., 2011). Mff is a mitochondrial receptor for Drp1 that is conserved 
in metazoans but not in yeast. MiD49 and MiD51 are paralogs that are found only in 
vertebrates (Zhao et al., 2012). There are no sequence or domain similarities between 
Fis1, Mff, MiD49/MiD51 or Mdv1/Caf4 (Figure 1.3). Table 1.2 summarizes the amino 
acid sequence identity of fission proteins from yeast and human.
Dynamin-Related Mitochondrial Fission GTPases
The amino acid identities between mitochondrial fission GTPases and classical 
dynamin are shown in Table 1.2. The mitochondrial fission GTPases are not only 
conserved and have similar domain structures but are also related to other GTPases, 
which act in membrane remodeling (Figure 1.3). The most studied and the best 
understood membrane remodeling GTPase member is classical dynamin, which severs 
the necks of clathrin-coated pits to release clathrin-coated vesicles during endocytosis. 
Both classical dynamins and mitochondrial dynamin related proteins (DRPs) contain 
GTPase, middle and GTPase effector domains (GED) (Figure 1.3). The classical 
dynamins have a membrane interaction domain called the pleckstrin homology (PH) 
domain, while the mitochondrial DRPs have an insert B domain in place of the PH
12
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Table 1.2. Amino Acid Sequence Identity among Mitochondrial 
Fission Proteins.
Protein A Protein B Amino acids sequence identity (%)
1 hDynamin1 hDrp1 33
2 hDynamin1 yDnm1 32
3 hDrp1 yDnm1 43
4 hFis1 yFis1 22
5 Mdv1 Caf4 30
6 hMff Mdv1 7
7 hMff hFis1 11
8 hMff hMiD49 10
9 hMff hMiD51 9
10 hMiD49 Mdv1 11
11 hMiD49 hFis1 6
12 hMiD49 hMiD51 45
13 hMiD51 Mdv1 8
14 hMiD51 hFis1 8
h: human, y: yeast, very dark shade: very significant identity, dark shade: 
significant identity, light shade: noteworthy identity, no shade: 
insignificant identity
Global alignment of each pairs of sequences was performed using the 
CLUSTALO program, UNIPROT.
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Figure 1.3. Domain Structures of Mitochondrial Fission Proteins.
A. Domain structures of classical dynamin and mitochondrial fission dynamin-related 
proteins (DRPs), including GTPase, Middle, Pleckstrin Homology (PH), GTPase Effector 
Domain (GED), Proline Rich Domain (PRD) and Insert B. B. Domain structures of yeast 
fission adaptors (yFis1, Mdv1 and Caf4), including tetratricopeptide (TPR), 
transmembrane domain (TM), N-terminal extension (NTE), coiled coil (CC) and WD40 
repeats predicted to form a P-propeller. C. Domain structures of human fission adaptors 
(hFis1, Mff, MiD49, MiD51 (MIEF1), including TPR, TM and CC. Question marks 
indicate regions with no predicted domains in these proteins.
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domain that is required for the interaction with the mitochondrial adaptors (Bui et. al., 
2012). Dynamins also have a proline rich domain (PRD) at their C-termini that interacts 
with SH3 domain containing proteins such as amphiphysin, endophilin and cortactin 
(Cestra et al., 1999). Mitochondrial DRPs do not have the PRD domain.
Dynamin family members possess the following five properties. First, they have 
GTPase domains that can bind and hydrolyze GTP. Their affinity for nucleotide and 
intrinsic hydrolysis rate is great enough that they do not strictly require GTPase 
activating proteins (GAPs) or GTPase exchange factors (GEFs) for activity. Second, they 
can self-assemble and form spirals of various diameters. Self-interaction within the spiral 
stimulates the GTPase activity of the protein. Third, in vitro self-assembly of these 
proteins is dependent upon the buffer ionic strength, i.e., at low ionic strengths, dynamins 
self-assemble and at high ionic strengths, they disassemble. Fourth, GTP binding favors 
dynamin assembly but GTP hydrolysis favors their disassembly. Fifth, they act as 
mechanochemical enzymes to remodel specific biological membranes in a GTP 
hydrolysis dependent manner (Praefcke and McMahon, 2004). This remodeling can take 
the form of fission or fusion.
In vivo, mitochondrial fission DRPs require adaptor proteins for their membrane 
localization. In yeast, Fis1-Mdv1 or Fis1-Caf4 complexes on the mitochondrial 
membrane recruit the Dnm1 GTPase to the mitochondrial surface where it assembles and 
catalyzes fission. In vitro studies indicate that Mdv1 not only binds Dnm1 directly but 
also stimulates the assembly, and indirectly the GTPase activity of Dnm1 (Lackner et al., 
2009). Although membrane-anchored Fis1 was originally reported to bind and recruit 
Drp1 for fission in mammals (Yoon et al., 2003) a direct interaction between these two
16
proteins is no longer thought to occur. Instead, new mitochondrial adaptors have been 
identified and are implicated in human Drp1 function (Table 1.1) (Gandre-Babbe and van 
der Bliek, 2008; Otera et al., 2010; Palmer et al., 2011; Zhao et al., 2011). Chapter three 
of this dissertation characterizes human Drp1 and other mitochondrial fission adaptors to 
establish their roles in Drp1 membrane recruitment and fission.
Molecular Architecture of the Yeast Mitochondrial Fission 
Adaptor for Dnm1 Mitochondrial Recruitment and Fission
In yeast, mitochondrial fission requires a concerted effort of three proteins (Figure 
1.3). The membrane bound Fis1 recruits soluble Mdv1 from the cytoplasm via an 
interaction between the TPR domain of Fis1 and the NTE of Mdv1 (Karren et al., 2005). 
The C-terminal WD40 repeats of Mdv1 are predicted to form a P-propeller domain that 
interacts with Dnm1 (Tieu et al., 2002). Recent studies from our lab indicate that a novel 
motif within the insert B domain of Dnml is essential for Mdvl P-propeller interactions 
(Bui et al., 2012).
There have been several attempts made to understand the molecular details of 
Fis1-Mdv1-Dnm1 complex formation. The crystal structure of the Fis1 cytoplasmic 
domain has been solved (Suzuki et al., 2005). Very recently, the Dnm1 cryo-EM 
structure was also published (Mears et al., 2011). Attempts to solve the co-crystal 
structures of full-length fission proteins have not been very successful. Some inroads 
have been made, including the solution of a co-crystal structure of a short helix (~13 aa) 
of the NTE of Mdv1 and the TPR domain of Fis1 (Zhang and Chan, 2007). However, at 
the time I began my thesis studies, the field lacked a clear model for the molecular 
architecture of the Fis1-Mdv1 complex on the membrane. Such a model was necessary to
17
understand the role of Fis1-Mdv1 in binding and positioning cytoplasmic Dnm1 for 
further assembly on the membrane.
To understand the role of Mdv1 in Dnm1 membrane recruitment and 
mitochondrial fission, I collaborated with researchers in the Biochemistry Department to 
solve the structure of the predicted Mdv1 coiled coil (CC) domain and characterized its 
function in fission complex assembly and fission (described in Chapter 2 of this thesis). 
Previous co-IP and yeast two hybrid studies had indicated that the Mdv1 CC might 
regulate Mdv1 self-interaction (Griffin et al., 2005). More importantly, a suppressor 
mutation in the middle of the predicted Mdv1 CC was shown to mitigate the negative 
effect of TPR point mutations on Fis1-Mdv1 interactions (Karren et al., 2005). I purified 
the Mdv1 coiled coil domain, determined its oligomeric state and solved the crystal 
structure in collaboration with other labs in the Department (details of our collaborators 
in this study can be found in the Chapter 2). We found that the Mdv1 CC formed a 
dimeric antiparallel CC at least 92 A long. Using a mutational analysis, I was able to 
show that the Mdv1 CC sequence, length and formation were important for optimal 
Dnm1 membrane recruitment and function. These studies also indicated that spatial 
positioning of P-propeller domains by the Mdv1 CC was important for Dnm1 mediated 
mitochondrial fission (see fission complex assembly model, Figure 1.4).
Multiple Adaptors Regulate Mitochondrial 
Fission DRP Assembly and Function
Although the mitochondrial fission DRPs are evolutionarily conserved in 
eukaryotes, with the exception of Fis1, the corresponding adaptors that recruit the DRPs 
to the mitochondria surface are not (Table 1.1). In Chapter 3 of this thesis, I directly test
18
19
Figure 1.4. Model of Yeast Mitochondrial Fission Complex Assembly.
Step I: Monomeric Fis1 constitutively localizes to the mitochondrial outer membrane via 
its C-terminal transmembrane domain. Step II: Soluble Mdv1 dimers from the cytoplasm 
are recruited to the mitochondrial membrane. Step III: Soluble Dnm1 dimers assemble 
on the Fis1-Mdv1 complexes on the membrane by binding to the beta-propeller domain 
of Mdv1. This is thought to result in the co-assembly of Mdv1 with Dnm1 to produce 
fission competent fission complexes. Step IV: Disassembly of fission complexes thought 
to be triggered by GTP hydrolysis by Dnm1.
20
the function of Fis1 in fission complex assembly and mitochondrial fission after Dnm1 
membrane recruitment. The key to this analysis was the generation of a yeast strain 
missing all known mitochondrial fission genes (Jis1Amdv1Acaf4Adnm1A). Using this 
strain, I was able to directly tether full-length and truncated Mdv1 constructs to the 
mitochondrial membrane and ask whether they could function with cytoplasmic Dnm1 in 
fission when Fis1 was absent. I also tested whether the functions of both Mdv1 and Fis1 
could be bypassed by tethering Dnm1 to the mitochondrial membrane. The results of my 
studies conclusively demonstrated that yeast Fis1 played no role in mitochondrial fission 
other than bringing Mdv1 to the mitochondrial membrane. The studies also suggested 
that Mdv1 was essential after Dnm1-recruitment to complete fission.
I extended these studies to dissect the function of individual human adaptors in 
mitochondrial fission. As summarized in Table 1.1, humans have four adaptors that are 
implicated in Drp1 membrane recruitment and function (Otera et al., 2010; Palmer et al., 
2011; Yoon et al., 2003). Whether these proteins worked independently or together was 
not known. None of these four proteins have any sequence or domain similarities with the 
yeast Mdv1 adaptor (Table 1.2). Except for the MiD49/MiD51 paralogs, these proteins 
also are not similar to one another (Table 1.2). Although Mff had been shown to act in 
Drp1 recruitment (Otera et al., 2010), whether it was sufficient for Drp1 mediated fission 
was not known. Moreover, conflicting roles had been proposed for the MiD49 and 
MiD51 (also called MIEF1) adaptors. One study suggested both proteins were required 
for mitochondrial fission (Palmer et al., 2011), while another proposed they functioned 
either to promote mitochondrial fusion or to inhibit mitochondrial fission (Zhao et al.,
2011). By expressing different combinations of Drp1 and human adaptors in the yeast
21
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tester strain, I was able to show that: 1) hFis1 plus hDrp1 are not sufficient for 
mitochondrial fission. 2) hFis1 is not sufficient to target GFP-hDrp1 to mitochondria. 3) 
hMff plus hDrp1, or hMiD49 plus hDrp1, or hMiD51 plus hDrp1 are each sufficient to 
target GFP-hDrp1 to the mitochondrial membrane and complete membrane fission. These 
studies for the first time show that only two proteins, a membrane adaptor and the 
mitochondrial fission GTPase, are capable of remodeling mitochondrial membranes in 
vivo.
Structural studies with the purified components of human mitochondrial fission 
(hDrp1 and hMiD49) are also presented in Chapter 3. I characterized the GTP hydrolysis 
properties of human Drp1. Collaborative negative-staining transmission electron 
microscopy (TEM) studies were used to define the assembly properties of hDrp1 in the 
presence and absence of the MiD49 adaptor. These biochemical studies provide the first 
demonstration that a mitochondrial adaptor can alter the polymer structure of a 
mitochondrial dynamin.
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Molecular architecture of a dynamin adaptor: 
implications for assembly of mitochondrial 
fission complexes
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Recruitment and assembly of some dynamin-related guanosine triphosphatases depends on adaptor proteins restricted to distinct cellular membranes. 
The yeast M dvl adaptor localizes to mitochondria by 
binding to the membrane protein F isl. Subsequent Mdvl 
binding to the mitochondrial dynamin Dnml stimulates 
Dnml assembly into spirals, which encircle and divide 
the mitochondrial compartment. In this study, we report 
that dimeric Mdvl is joined at its center by a 92-A anti­
parallel coiled coil (CC). Modeling of the F is l-M dv l
complex using available crystal structures suggests that 
the M dvl CC lies parallel to the bilayer with N termini at 
opposite ends bound to Fisl and C-terminal (3-propeller 
domains (Dnml-binding sites) extending into the cyto­
plasm. A  CC length of appropriate length and sequence 
is necessary for optimal Mdvl interaction with Fisl and 
Dnml and is important for proper Dnml assembly before 
membrane scission. Our results provide a framework for 
understanding how adaptors act as scaffolds to orient 
and stabilize the assembly of dynamins on membranes.
Introduction
In eukaryotes, mitochondrial fission regulates organelle copy 
number and mitochondrial function in metabolism, development, 
and programmed cell death (Chen and Chan, 2005; Okamoto and 
Shaw, 2005). Fission begins when a dynamin-related GTPase 
is recruited from the cytoplasm to the outer membrane, where 
it assembles into large polymers that hydrolyze GTP and sever 
the m itochondrial com partm ent. Pro tein-protein  interactions 
between the GTPase and a membrane-anchored receptor are es­
sential for the recruitment step and are also thought to provide a 
structural scaffold that promotes GTPase assembly.
The membrane receptor for yeast mitochondrial fission is 
a complex composed o f two proteins, membrane-anchored Fis 1 
(Mozdy et al., 2000) and its binding partner, M dvl (Tieu and 
Nunnari, 2000; Cerveny et al„ 2001; Tieu et al., 2002; Cerveny 
and Jensen, 2003). M dvl functions as an adaptor to bridge the 
interaction between Fisl and the cytoplasmic Dnm l GTPase. 
Binding of D nm l to M dvl nucleates the polymerization of
Correspondence to Michael S. Kay: kay@biochem.ulah.edu; or Janet M . Shaw: 
shaw@biochem.utah.edu
Abbreviations used in this paper: CC, coiled coil; CD, circular dichroism; 
DIC, differential interference contrast; ES, equilibrium sedimentation; HR, 
heptad repeat; IP, immunoprecipitation; MBP, maltose-binding protein; NTE, 
N-terminal extension; TPR, letratricopeptide repeat; WCE, whole cell extract; 
WT, w ild lype.
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Dnm l dimers into spirals that encircle and constrict the mem­
brane (Bleazard et al., 1999; Ingerman et al., 2005; Bhar et al., 
2006; Lackner et al., 2009). M dvl coassembles with D nm l in 
these spirals to generate functional fission complexes (Shaw 
and Nunnari, 2002). Although fission complexes could, in prin­
ciple, assemble uniformly on the mitochondrial surface, assem­
bly usually occurs at discrete sites on tubular mitochondria in 
living cells.
The architectural features o f the M dvl-F is l receptor re­
quired for Dnm l recruitment and assembly remain unclear. 
Structural analysis o f the F isl cytoplasmic domain reveals a 
single letratricopeptide repeat (TPR; Suzuki et al., 2005). The 
N term inus o f M dvl contains a short, helix-loop-hclix m otif 
that surrounds and clamps the surface o f the Fisl TPR domain 
(Zhang and Chan, 2007). The C terminus o f M d v l, which is re­
quired for Dnm l binding, is predicted to form a multibladed 
(i-propeller. The N- and C-terminal domains are linked by a 
predicted heptad repeat (HR). Because M dvl acts both to re­
cruit Dnml and nucleate Dnml assembly, defining the structure,
© 2010 Koiralo et al. This article is distributed under the terms of an Attribution- 
Ncncommercicl-Share Alike-No Mirror Sites license for the first six months after the pub­
lication date (see http://www.rupres5.org/terms). After six months it is available under a 
Creative Commons License (AHribution-Noncom mereial-Share Alike 3.0 Unported license, 
as described at http://crea tivecom m ons.O rg /licenses/by-nc-sa /3 .0/).





Published December 13, 2010
I  m itochondria




adaptor 4 cells expressing indicated proteins
B
■  puncta
□  puncta  &  uniform
□  uniform
GFP-Mdv1 GFP-m dv1
adaptor A cells expressing indicated proteins
DIC m ito-RFP GFP-Mdv1 M erge
mitochondria/puncta






DIC m ito-RFP GFP-m dv1CC7 M erge
4)
'  J
PS jmitochondria and cytoplasm
Figure 3. CC Formation promotes mitochondrial recruitment and assembly of the M dvl fission adaptor. (A] Subcellular localization of N-terminal GFP- 
tagged M dv l and rndv1L-c7 proteins imaged in adaptor A cells. [B] Mitochondrial distribution of GFP-tagged M dv l and m d v lcc7 proteins imaged in adap­
tor A cells. Bars and error bars represent the mean and standard deviation of at least three independent experiments (rt = 100). [C] Representative images 
of GFP-Mdvl and GFP-mdvlcc7 localization and distribution quantified in A and B. DIC, mitochondrial matrix-targeted dsRed [mito-RFP), and merged RFP 
and GFP images are shown Bar, 5 |jm
the extended length o f  this C C, g lutam ate substitution o f  all 
seven isoleucine and leucine residues depicted in Fig. 1 A  was 
necessary to d isrupt M dv 1 function  (unpublished data). W estern 
blotting o f yeast w hole cell ex tracts (W C Es) indicated  that the 
abundance o f the m utant adaptor protein, hereafter referred to 
as m dv la;7, was similar to that o f wild-type (W T) M dvl (Figs. 2 B 
and S4 A). However, these  m utations nearly abolished the abil­
ity o f m d v lCC7 to self-interact in coim m unoprecipitation (co-IP) 
experim ents (Fig. 2 C).
We tested the ability o f mdv 1cc 7 to support m itochondrial 
fission in adaptor-null (adaptor A ) yeast cells lacking M d v l and 
its paralogue Caf4 (Griffin et al., 2005). Although M dv 1 is required
fo r the m ajority  o f m itochondrial fission that occurs in vivo, de­
letion o f both  M d v l and C af4  is necessary to com pletely  abol­
ish fission. T he adaptor A strain  exhibits severe fission defects, 
including  interconnected, netlike, or co llapsed  m itochondrial 
tubules (Fig. 2, D  and E). A lthough expression o f  M dv I restored 
W T  m orpho logy  in  ~ 7 5 %  o f the  po p u la tio n , exp ress ion  o f  
m d v lcc7 failed to rescue fission detects (Fig. 2, D and E). Thus, 
dim erizaiion o f  M dv I v ia its antiparallel CC plays a critical role 
in m itochondrial fission. W hen expressed from  the uninduced 
M E T25  prom oter, steady-state abundance o f M dv l is fourfold 
higher than that o f M dv l expressed from its native prom oter 
(K arren e t al., 2005; unpublished data). A lthough expressing
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fourfold h igher levels o f  m d v lCC7 protein d id  not cause dom i­
nant fission defects in W T cells (Fig. 2 F), dom inant-negative 
fission phenotypes began to appear w hen expression was further 
elevated by a 4-h induction o f the M ET25  promoter (Fig. S4 C, 
'■'j 16-fold overexpression). T h is dom inant-negative effect sug­
gests that m d v lc t/  continues to in teract with one o r m ore o f its 
other tw o b inding  partners, effectively interfering w ith  the W T 
fission m achinery,
C C  formation promotes mitochondrial 
recruitment and assembly of the Mdvl 
fission adaptor
We used the m d v l“ 7 m utant protein (o test the im portance o f 
M dvl CC form ation for its m em brane recruitm ent. Experim ents 
in intact cells expressing G FP-m dvl ^  ' revealed that the local­
ization o f the m utant protein was com prom ised relative to  WT. 
In control experim ents, the m ajority o f  W T  G FP-M dvl colocal­
ized w ith RFP-labclcd m itochondrial tubules (Fig. 3, A  and C, 
top), w hereas a small fraction o f cells also displayed dual local­
ization to m itochondria and  the cytoplasm  (Fig. 3 A). In  contrast, 
G F P -m dv]tc7 did  not localize exclusively w ith m itochondria. 
Instead , y eas t cells  expressing  G F P -m d v lCC7 exh ib ited  dual 
m itochondrial and cytoplasm ic localization o r exclusively cyto­
plasm ic localization o f  the adaptor protein (Fig. 3, A and C, 
bottom ). W estern b lotting indicated that this cytoplasm ic local­
ization w as not caused by proteolysis and release o f  G FP from 
the N term inus o f  the fusion protein (unpublished data).
A fter m em brane recru itm ent, localization o f  a subpopula­
tion o f M dv l appears punctate because o f  its coassem bly with 
the D nm l G TPase into fission com plexes (Tieu and Nunnari, 
2000; Cerveny et al., 2001; Griffin el al., 2005; Karren et al., 
2005; N aylor et al., 2006). A lthough m itochondrial localized 
G F P -M dvl w as largely punctate (Fig, 3 B), G F P -m d v lCC7 failed 
to coassem ble into punctate fission com plexes and uniform ly 
labeled mitochondrial m embranes in the m ajority o f  cells (Fig. 3, 
B and C, middle). This uniform  m itochondrial labeling resulted 
from  association o f  M d v l w ith F is l  and was abolished in  cells 
lacking Fisl (m dv l0117 had no effect on Fisl localization; unpub­
lished data). T hese  com bined data indicate that CC form ation 
prom otes both M dv l recru itm ent to F is l on m itochondria and 
subsequent higher order assembly o f M dv 1 into fission complexes.
Mitochondrial recruitment and 
self-assembly of the □nm'l GTPase 
requires Mdvl C C  formation
The D nm  I G TPase in teracts w ith the C term inus o f M dv 1 (Tieu 
et al., 2002; C erveny and Jensen, 2003), w hich is predicted to 
form  a m ultibladed [3-propeller. This interaction p rom otes the 
self-assem bly o f  D nm l into rings and spirals (L ackner et al., 
2009) that are visualized as m itochondrial puncta (fission com ­
plexes) w hen labeled w'ith a fluorescent m arker (O tsuga e t al., 
1998). We tested w hether M dvl dim erization in vivo was re ­
quired for M d v l-D n m l interaction and D nm l assem bly into 
m itochondrial puncta. A lthough H A -tagged M d v l efficiently 
co p rec ip ita ted  D n m l from  cell lysates, com p lex  fo rm ation  
betw een m d v lcc7-H A  and D n m l w as s ign ifican tly  reduced  
(Fig. 4 A). This reduced interaction w as also appareni in vivo.
A lthough  G F P -D nrn l effic iently  assem b led  in to  puncta  on 
m itochondria  w hen cells expressed W T M d v l (Fig. 4, B and C, 
top), the fraction o f  cytoplasm ic G FP-D nm l increased  in cells 
expressing m d v lLt7 (Fig. 4. B and C, bottom ). R esidual GFP- 
D nm l puncta on m itochondria in mdv Ic t -expressing cells were 
often  sm aller and less-evenly distributed  on the  organelle tu­
bules (Fig. 4 C, m iddle). This may he caused in part by the fact 
that m d v lcc7 uniform ly labels m itochondrial m em branes (RFP- 
m d v ltC7; Fig. 4 D ) but does not efficiently coassem ble into 
puncta w ith D nm l (Fig. 3 C, m iddle and bottom ). W hen co m ­
b ined  w ith  o u r finding that G F P -m d v lCC7 fails to  form  m ito­
chondrial puncta and cannot support fission (Fig, 2 E; and Fig. 3 C, 
m iddle and  bottom ), these results provide a direct dem onstra­
tion that dim eric M dvl m ust coassem ble w ith the D nm l GTPase 
to form  functional fission com plexes.
Mdvl dimerization via a heterologous 
antiparallel C C  partially restores 
adaptor function
To determ ine w hether physical CC form ation w as sufficient for 
adaptor function, we generated a chim eric protein, which re­
placed the M dvl C C  w ith residues 674 -7 3 4  o f  the m am m alian 
m itofusin pr otein M fn 1 (m dv I 1 ’ Fig. 5 A ). In  crystallographic 
experim ents, this M fn l dom ain forms an antiparallel CC  sim i­
lar in length to  the M d v l CC  (95 A; K oshiba et al., 2004). 
As observed fo r W T M d v l, the m d v lHK: chim era was stably 
expressed (Figs. 5 B  and S4 A ), localized with m itochondria  in 
d ifferential fractionation and fluorescence m icroscopy experi­
m ents (Figs. 5 C and SI A), and w as able to self-in teracl in 
co-IP  experim ents (Fig. 5 D ), Unlike W T  M d v l, m dv 11,112 only 
partially  rescued m itochondrial fission and m orphology delects 
in the adaptor A strain  (Figs. 5 E and SI B). This partial rescue 
could not be attributed to  defects in  m d v lHR2-D n ra l interactions 
because m d v l,IR2-H A  coim m unoprecipitated D n m l and the W T 
adaptor (Fig. 5 F), form ed m itochondrial puncta  in vivo when 
labeled  w ith  G F P  (F ig. SI C ), and a lso  p rom oted  assem bly  
o f  G F P -D n m l in to  p u n c ta te  m ito ch o n d ria l fission  com plexes 
(F ig . SI D). T hese results were surprising because they sug­
gested that dim erization o f M d v l via an antiparallel CC is im por­
tant but not sufficient for the adaptor’s function in m itochondrial 
fission. Instead, the sequence o f  the M dv 1 C.C may also  contrib­
u te to adaptor function.
The sequence of the Mdvl C C  is critical 
for interaction with F is l
We noticed that the m itochondrial localization o f m d v l™ 2 de­
creased relative to M dvl w hen D nm l was absent (Fig. SI Li). 
U n d e r these  co nd itions , s tab le  m itochondria l asso c iatio n  o f 
m d v l™ 2 depends entirely  upon interactions w ith F is l .  Thus, 
the inability o f m dv l™ 2 to fully rescue fission defects in vivo 
could  resu lt from  a reduccd Fis 1 in teraction. It has been unclear 
w h e th er the M d v l C C  is necessa ry  fo r in te rac tio n  w ith  F is l .  
A  crystal structure showed that a -h e lic es  in the N -term inal ex­
tension (NTE) o f fission adaptor proteins bind directly to the cy to ­
plasmic tetratricopeptide dom ain o f F isl (Zhang and Chan, 2007). 
M utations predicted to disrupt contact sites in this com plex inter­
fered w ith  M d v l-F is l  interactions and reduced fission in  vivo.
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no t dep ic ted  in Fig. 8. A sim p le  b ind ing  in te rface  betw een  
F is l and M d v l seem s unlikely, as the purified F is l cy toplas­
m ic dom ain is not able to  b ind the  purified  M dv l CC in vitro 
(unpublished data).
F is l—M d v l is the  only m em b ran e-an ch o red  recep to r 
com plex  know n to  func tion  w ith  a  dy n am in -re la ted  G T Pase 
in a m em brane fission event. O ur experim ents provide the first 
s tructural m odel fo r the presentation o f binding sites recognized 
by the D m nl G TPase as it transitions from  the cytoplasm  to the 
m itochondrial ou ter m em brane. A lthough the F is l -M d v l com ­
plex is uniform ly distributed  on the m em brane, assem bly o f 
D nm l and M dv l into fission com plexes is restricted to d iscrete 
sites along the length o f the m itochondrial tubule. Thus, post- 
translational modifications and/or induced conformation changes 
in the F is l -M d v l  com plex seem  essential to  regulate D nm l 
access to  the M dv l fi-propellers. A lternatively, additional fac­
to rs  m ay  act in  vivo to s tab ilize  D n m l  assem bly  a t specific 
locations and lim it its propagation laterally on the m em brane. 
O ur results provide a fram ew ork fo r understanding how adap­
to rs  act as sca ffo ld s  to  o rie n t and  s tab ilize  the  assem bly  o f  
dynam ins on m em branes.
Materials and methods
Protein production
M d v l residues 2 3 1 -2 9 9  (Mdvl-CC] were fused to the C terminus of MBP 
via a linker containing lOxHis and the PreScission protease cleavage site 
(MBP-1 OxHis-PPCS-CC231-299). This construct was expressed in BL21 (DE3) 
codon+ (RIPL; Agilent Technologies) E. col! grown in autoinduction medium 
(Studier, 2005). Overnight cultures, grown in PA-0.5G, were diluted 
(1:1 ,000) in ZYP-5052 (MBP-CC) or PASM-5052 (MBP-CC&M91) and grown 
at 37°C for 8 h (Studier, 2005), Cultures were transferred to 23°C and 
grown for an additional 12-36 h before harvesting. A ll purification steps 
were performed at 4°C. Proteins were purified by affinity chromatography 
on amylose resin (New England Biolabs, Inc.) followed by cleavage with 
PreScission protease (GE Healthcare). After cleavage, M dvl-C C  contained 
two heterologous N-terminal residues (Gly-Pro). Protein was further purified 
by mono-Q anion exchange chromatography (GE Healthcare). Residual 
MBP and uncleaved protein were removed by additional nickel Sepharose 
(GE Healthcare) and amylose affinity chromatography. Purified M dvl-C C  
was dialyzed in CD/ES buffer (50 mM Na-phosphate, pH 7.4, and 150 mM 
NaCl) or crystallization buffer (20 mM Tris-Cl, pH 7.5, and 100  mM NaCl) 
and concentrated to 1 -1 0  m g/m l using Centriprep centrifugal concentra­
tors (YM-3; 3 kD NMW L; Millipore).
CD and E5 analysis
CD analysis was performed on a CD spectrometer (410; Aviv Biomedical, 
Inc.). Wavelength scans (200-260  nm) were performed a t 23°C on 10 |jM 
protein samples in 5 0  mM sodium phosphate, pH 7 ,4, and 150 mM NaCl 
using a 1-mm path length cuvette with a 5-s averaging time. ES analysis 
of M dv l-C C  was performed at 4°C using a centrifuge [Optim a XL-A; 
Beckman Coulter) at initial protein subunit concentrations of 335 .0 , 1 68.0, 
and 84 .0  pM (monomer) in a buffer containing 5 0  mM sodium phosphate, 
pH 7.4, and 150 mM NaCl. Centrifugation was performed at 20,000 rpm 
(Fig, 1 C) and 25 ,000  rpm. Resulting equilibrium datasets were globally fit 
to a single ideal species model with a floating molecular mass using the 
nonlinear least-squares algorithms in HeteroAnalysis software (Cole, 2004). 
Protein partial-specific volumes and solvent densities were calculated with 
the program SEDNTERP [version 1,09; Laue e ta l., 1992).
Crystallization and structure determination
The protein crystallized in several conditions of the Crystal Screen HT 
(Hampton Research). After optim ization, M d v l-C C SeMel (10 m g/m l in 
20  mM Tris-Cl, pH 7 .5, and 100 mM NaCl) was crystallized in 2 p l/2  pi 
vapor diffusion experiments against a well solution containing 16% PEG 
3350, 0.1 M  Bis-Tris-Propane, pH 7 .5 , and 0 .4  M  NaCl. Flat-plate crystals 
were cryoprotected in 20% PEG 3350, 0.1 M  BTP, pH 7,5, 0 .4  M  NaCl,
and 25% glycerol and flash frozen in liquid nitrogen. Peak and inflection 
data were collected on beamline (version 7 .1 ; SSRl) and processed with 
HKL2000 (Otwinowski and Minor, 1997) to a final Rmerge o f 5,3%  to 
2.6  A. The selenium sites were identified w ith SOLVE (Terwilliger and 
Berendzen, 1999), and solvent flattening and preliminary model building 
with RESOLVE (Terwilliger and Berendzen, 1999) resulted in 60% of the 
residues correctly positioned. Final model building and validation was per­
formed in COOT (Emsley and Cowtan, 2004). Refinement with REFMAC5 
(Murshudov et a l., 1997) within the CCP4 suite (Collaborative Computa­
tional Project 4, 1994) resulted in a final o f 27.1 % /3  1.1% 
and a model with good geometric statistics (Table S2).
Yeast strains and plasmids
Yeast strains used in this study include JSY5740 (MATa leu2A 1 hi$3A200  
trp 1A63 ura3-52 iys2A202)1 JSY8612 (MATa leu2A 1 his3A200 trp lA 6 3  
ura3-52 lys2A202 m dvl::H IS3 caf4::KanMX; also referred to as the adap­
tor A strain], JSY9465 (A4ATa leu2A 1 his3A200 trp 1A63 ura3-52 lys2A202  
m dvl::H IS3 caf4::KanMX dnml::GFP-DNM1), JSY9135 (A W a  Ieu2A l 
h is3A200 trp lA 6 3  ura3-52 lys2A202 m dvl::H IS3 caf4::KanMX d n m l::  
HIS3), JSY9541 (A W a  leu2A 1 h is3A200 trp lA 6 3  ura3-52 lys2A202  
m dvl::H IS3 caf4::KanMX flsl::H IS3), and JSY7674 [MATa feu2A l 
h is3A200 frp lA 6 3  ura3-52 fis 1-3 mdvl::HIS3).
A list o f plasmids used in this study is provided in Table S I , To con­
struct pMAL-c2x-mdvl-CC, DNA sequences encoding residues 2 3 1 -2 9 9  
o f MDV1 were PCR amplified with a forward primer that introduced an 
EcoRI site, lOxHis, a PreScission Protease cleavage site, and a reverse 
primer that introduced three stop codons and a Hindlll site. The resulting 
fragment was cloned into the EcoRI and Hindlll sites of the pM AL<2x vector 
(New England Biolabs, Inc.). The pMAL-c2x-mdvl-CC5eMe! construct was 
made by site-directed mutagenesis (QuikChange kit; Agilent Technologies) of 
pM AL<2x-m dvl-CC  to change leucine codons to methionine codons at 
positions encoding residues 248 and 281 in the full-length M dv l protein. 
Construction o f pRS4 J 6MET25-MDV1 was described previously (Karren 
etal., 2005]. ForpRS416MET25-mdvICC7, sequential site-directed mutagen­
esis of a pRS416MET25-MDV1 template was used to introduce sequences 
encoding the substitutions L233E, L237E, 125IE, I254E, 1268E, I272E, 
and I275E. For pR$415MET25-GFP-MDV1, pRS415MET25-GFP-mc/v 1CC7, 
and pRS415MET25-GFP-mdvlHR2/ PCR-amplified MDV1, m d v lCC7, and 
m d v lHR2 sequences were cloned into the BamHI and Sail sites of 
pRS415MET25-GFP. pRS415MET25-mdvlHR2 was created using the follow­
ing five steps: (1] sited-directed mutagenesis was used to introduce two silent 
restriction endonuclease sites into MDV1 at nucleotides 6 2 8 -6 3 3  (Xmal) 
and nucleotides 9 0 1 -9 0 6  (Xhol] in the pRS416MET25-MDV1 vector, 
(2) an existing Xhol site in the multiple-cloning site of pR$416MET25-MDV1 
was removed by site-directed mutagenesis, (3) A  yeastM DVl-mouseM FN 1 
CC chimeric sequence was synthesized by MR, GENE. The nucleo­
tide sequence of the synthesized MDV1-MFN1 CC chimera was Xmal- 
MDV1 (634-687J-M FN1 (2022-2202J-M DV1 (883-900)-Xho/, (4) the CC 
chimera provided in a vector was excised by Xmal and Xhol digestion and 
cloned into the same sites of the pRS416MET25-MDV1 plasmid generated 
in step 1. To construct, pRS416MET25-MDV1-13MYC, MDV1 was PCR 
amplified, digested with Spel and Sacll, and cloned into a vector that 
fused sequence encodingl3M YC in frame at the C terminus of M d v l. 
pRS416M ET25-m dvlCC7-13M YC  and pR S416MET25-mdv1HR2-l3 M Y C  
were cloned by similar strategies. To create pRS415MET25-MDVl-3HAr 
MDV1 was PCR amplified, digested, and cloned into the BamHI-Xhol sites 
o f pRS415MET25-CAF4-3HA. In the resulting clone, the CAF4 ORF was 
replaced by the M D VI ORF, and sequence encoding 3H A was fused in 
frame to the C terminus of M d v l. A  similar strategy was used to gener­
ate clones encoding C-terminal 3HA -agged forms of m d v lCC7, m d v lHR2, 
and m d v lE250G. For pRS416MET25-9MYC-F1S1, 9MYC-FIS1 was excised 
from pRS4J5MET25-9MYC-FIS1 (Karren et al., 2005) using Spel and 
Xhol and cloned into pRS4 J 6MET25. To create pRS416MET25-mdvlA2HK 
and pRS416MET25-mdv]A4HRI DNA encoding m d v lA2HR (Xmal-634-708- 
AHR-730-836-AHR-855-900-Xhol) or m d v li4HR (Xmal-634-708-AAHR- 
7 5 1 -8 13-AAHR-855-900-Xhol) was synthesized and cloned by Integrated 
DNA Technologies, Inc. After digestion o f the provided plasmids with Xmal 
and Xhol, the cloned fragments were ligated into silent Xmal and Xhol sites 
engineered on either side of the encoded M d v l CC in pRS416MET25- 
M D V h  pRS415MET25-mdvlA2H*-3HAl pRS415MET25-mdvlM -3HA, 
pRS415MET25-GFP-mdvl*2™, and pRS415MET25-GFP-mdvlUHR were 
generated using strategies similar to those described for WT and mutant 
M d v l variants. For pRS416MET25-ffRFP-mdvlCC7, a PCR-amplified frag­
ment containing m dv lCC7 was digested with BamHI and Sail and ligated 
into pRS416MET25-HRFP,
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Fluorescence microscopy
Mitochondrial morphologies were scored in WT, adaptor A, and fis l-3  
m dvl ::HIS3 strains as W T (more than two free tubule ends in the mother 
cell) or fission mutant (less than three free tubule ends in the mother cell). 
Localization o f GFP fusions GFP-Mdvl, GFP-mdvlCC7, GFP-mdvlHR2, GFP- 
m d v l a n d  GFP-mdvl■i4l"IR were scored in W T or adaptor A strains 
expressing mitochondrial-targeted fast-folding RFP (mito-RFP). GFP-Dnml 
localization/puncta formation was analyzed in the adaptor A strain con­
taining genomically integrated GFP-DNM1. Overnight cultures grown at 
30°C in appropriate synthetic dextrose dropout media containing 0 .1 mg/ml 
methionine were diluted to ~ 0 .2  OD600 and grown for 3 -5  h (OD^ooy 
0 .5 -1 .0 ). Under these conditions, the MET25 (methionine repressible) pro­
moter is leaky. The abundance of proteins expressed from the uninduced 
MET25 promoter was about fourfold greater than that of endogenously ex­
pressed M d v l (Karrert et al., 2005). For analysis of dominant-negative 
phenotypes, cells were diluted in medium lacking methionine and grown 
for 4 h before scoring. The steady-state abundance of proteins expressed 
from the MET25 promoter after a 4-h induction were ~3-4 -fo ld  higher than 
that of uninduced M dvl expressed from the same promoter (Fig. 54, A and B; 
Karren et a l., 2005). For analysis in the f is l-3  m dv l ::HIS3 strain, cells 
grown overnight at 25°C were diluted in medium lacking methionine and 
grown for 2 h at 25 or 37°C before scoring. Phenotypes were analyzed in 
100 cells in three or more independent experiments. Data reported are the 
means o f all experiments (n > 3) with the indicated standard deviations. 
Images were acquired and processed as described previously (Amiott et al., 
2009]. Cells were visualized on an imaging microscope [Axioplan 2; Carl 
Zeiss, Inc.) with a TOOx N A 1.4 oil immersion objective. Digital fluores­
cence and differential interference contrast [DIC] images of cells were ac­
quired using a monochrome digital camera (AxioCam MRm; Carl Zeiss, 
Inc.], Z stacks o f 0.2-pm slices were obtained and deconvolved using Axio- 
Vision software (version 4 .6; Carl Zeiss, Inc.]. Three-dimensional projec­
tions of mitochondria were generated with the transparency (voxel) setting 
and converted to a single image. Final images were processed and assem­
bled using Photoshop and Illustrator (CS3; Adobe). Brightness and contrast 
were adjusted using only linear operations applied to the entire image.
Analysis of protein expression and targeting
Protein expression was analyzed in WCEs prepared by the alkaline extrac­
tion method (Kushnirov, 2000). To analyze subcellular localization of pro­
teins, cells grown in the appropriate synthetic galactose dropout medium 
were spheroplasted and homogenized to produce WCE, which was 
subsequently subjected to differentia l sedimentation to isolate post- 
mitochondrial supernatant and mitochondrial pellet enriched fractions 
(Kondo-Okamoto et al., 2003). Either 0.5 OD60o equivalents of alkaline 
extract or 50  pg protein of WCE, 50 pg postmitochondrial supernatant, 
and 25 pg mitochondrial pellet fractions were separated by SDS-PAGE 
and analyzed by Western blotting using anti-HA (1:2 ,000; University of 
Utah Core Facility), anti-PGK (1:2 ,000 ; Invitrogen), anti-porin (1:2 ,000; 
Invitrogen), and HRP-conjugated secondary goat anti-mouse antibody 
(1 :10,000; Sigma-Aldrich). Proteins were detected by ECL (GE Health­
care). Steady-state abundance of HA-tagged WT and mutant M d v l pro­
teins (Fig. S4, A  and B] expressed from the MET25 promoter was 
determined in adaptor A cells grown for 4 h after dilution in selective me­
dium containing 0.1 m g/m l methionine or lacking methionine. Alkali pro­
tein extracts [0.25 OD^oo cell equivalents) separated by SDS-PAGE were 
analyzed by Western blotting with anti-HA primary antibody and fluores­
cent secondary antibody followed by detection using a scanner (Odyssey; 
LI-COR Biosciences). The mean intensity o f each HA-tagged protein band 
was normalized to a control 3PGK protein band in each lane. To determine 
fold induction of MEr25-regulated protein expression, normalized HA sig­
nals from induced and uninduced samples were compared. Bars in un­
induced and induced graphs represent the abundance o f HA-tagged signal 
in each lane relative to WT, Error bars indicate the standard deviation from 
three independent experiments.
Co-IP assays
For M d v l-M d v l and M d v l-F is l interaction experiments, functional HA- 
and Myc-tagged M dv l and Fisl proteins and variants were expressed in 
adaptor A cells or adaptor A cells lacking FIS1 [fisTA adaptor A). colPs 
were performed with anti-c-M yc agarose-conjugated beads (Sigma- 
Aldrich) as described previously [Karren et al., 2005; Bhar et al., 2006). 
In brief, 30  OD,soo cell equivalents were harvested and lysed with glass 
beads in 50 0  pi IP buffer (0.5% Triton X-l 00 , 150 mM NaCI, 1 mM EDTA, 
50  mM Tris, pH 7.4, and 1:500 protease inhibitor cocktail set III [EMD]). 
After centrifugation at 18,000 g for 10 min, 40 0  pi supernatant was incu­
bated with 40  pi anti-c-Myc-confugated agarose beads (Sigma-Aldrich]
for 1 h at 4 PC. Agarose beads were collected, washed in IP buffer, and 
incubated in 6 0  pi SDS-PAGE sample buffer lacking r-mercaptoethanol 
at 60°C  for 8 min to release bound proteins. After addition of 3 .2  pi 
r-mercaptoethanol and boiling, samples were analyzed by SDS-PAGE 
and Western blotting with anti-Myc (Santa Cruz Biotechnology, Inc.), and 
anti-HA (University of Utah Core facility) antibodies. Immunoprecipitated 
proteins were detected using the appropriate HRP-conjugated secondary 
antibodies and ECL Plus (GE Healthcare) followed by exposure to film. 
In Fig. 6 B, detection was accomplished using fluorescent secondary anti­
body (IRDye 800  anti-mouse; LI-COR Biosciences), and signals were quan­
tified using a scanner (Odyssey) and analysis software (Odyssey version 
3 .0; LI-COR Biosciences].
M d v l-D n m l colPs were performed using adaptor A cells express­
ing endogenous Dnml and plasmid-borne HA-tagged M dv l variants as 
described previously (Karren et al., 2005). 5 0  OD^oo U of cells grown at 
30°C were treated with 0.2 m g/m l zymolase for 60  min at 30°C. Cross­
linking was performed with 2.5 mM dithiobis(succinimidyl propionate) 
(DSP; Thermo Fisher Scientific) for 30  min at 305C. DSP was quenched by 
addition of 50  mM glycine (also present in all subsequent buffers). After 
homogenization, pellets were collected by spinning at 1 8 ,000 g  for 10 min, 
solubilized for 10 min at 4°C in 5 0 0  pi IP buffer (1% Triton X-l 00 , 150  mM 
NaCI, 30  mM Hepes-KOH, pH 7.4, and 1:500 protease inhibitor cocktail 
set III), and cleared by spinning for an additional 10 min at 18,000 g. 400 pi 
cleared supernatant was incubated with 40  pi anti-HA-conjugated aga­
rose beads (Sigma-Aldrich] for 1 h at 4°C. Agarose beads were collected, 
washed in IP buffer, and bound proteins were released as described in the 
previous paragraph. Samples were analyzed by SDS-PAGE and ECL West­
ern blotting with anti-HA and anti-Dnml antibodies [Otsuga e ta l., 1998).
Online supplemental material
Fig. SI shows additional analysis of m d v lHR2 localization and function. 
Fig. S2 shows that G lu250 is exposed on one face of the dimeric antiparal­
lel CC. Fig. S3 shows an additional analysis of m d v lD2HR and m d v lDiHR 
proteins. Fig. S4 shows dominant-negative effects of WT and mutant M dvl 
proteins. Table SI shows plasmids used in this study. Table S2 shows x-ray 
data and model statistics. Online supplemental material is available at 
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Table S I .  Plasmids used in this study
ID number Plasmid Protein expressed Source
B493 pRS415MET25 None ATCC 87322
B494 pRS416MET25 None ATCC 87324
B824 pRS415MET25-9MYGFIS7 9Myc-Fisl Karren et al., 2005
B1642 p 4 14GPD-mt-ffRFP N . crassa ATP9( 1 —69) + fast-folding DsRed Karren et a l., 2005
B1808 pRS4 J 5MET25-MDV1 MDV1 Karren et a l., 2005
B2053 pRS416MET25-MDV1 MDV1 Karren et a l., 2005
B2054 pRS416MET25-mdv 1E250G M d v lE2S0G Karren et a l., 2005
B2499 pMAL<2x-mdv 1 -CC 1 OxHIS-PPCS-mdv 1 -CC This study
B2620 pRS4 J 6MET25-mdv 7 cc? m cJv ]t233E, L237E, I251E, I254E, L268E, I272E, I275E This study
B2621 pMAL-c2x-mdvl-CCSeMef m dvl-CCL243M' L261M This study
B2683 pRS415MET25-GFP-mdv 1C C 7 GFP-mdv 1CC7 This study
B2783 pRS416MET25-mdv 1HR2 M dvl '-229-M . musculus Mfn 1674-734-M d v  1295-714 This study
B2798 pRS4 7 6MET25-mdv 7CC7- 7 3M  YC m d v lCC7- l 3MYC This study
B2800 pRS415MET25-mdv 1HR2- 13MYC m d v lHR2- l 3MYC This study
B2821 pRS415MET25-MDV1 -3 HA Mdv 1-3 HA This study
B2832 pRS416MET25-mdvlHR2-3HA mdvl HR2-3HA This study
B2833 pR 5416MET25-mdv 1HR2- 13MYC m d v lHR2- l 3MYC This study
B2837 pRS416MET25-MDV1-13MYC M dvl-13M YC This study
B2839 pRS4 7 5MET25-m dvlcc/-3HA m d v lCC7-3HA This study
B2864 pR $416MET25-9M YC-FIS1 9MYC-Fisl This study
B2882 PRS415MET25-mdv 1 e250G-3HA mdvl E250G-3HA This study
B2892 pRS4 15MET25-GFP-mdv 7 HR2 GFP-mdv 1HR2 This study
B3003 pRS4 J 6MET25-ffRFP-mdv I C C 7 ffRFP-mdvlCC7 This study
B3015 pRS416MET25-mdvlA2HR mdv 1i2HR This study
B3016 pRS416MET25-mdv 1J4HR mdv 1i4HR This study
B3017 pRS4 75MET25-mdv Jj 2hr-3HA mdv 1 ^ - 3  HA This study
B3018 pRS4 J 5MET25-mdv1J4HR-3HA m d v li4HR-3HA This study
B3028 pRS415MET25-GFP-mdv 1A2HR GFP-mdv 142HR This study
B3Q29 pRS415MET25-GFP-mdv 7 J4 H S GFP-mdv 1A4HR This study
ATCC, American Type Culture Collection.
Table S2. X -ray data and model statistics
Space group P4i2i2 SeM dvl3  Se peak SeM dvl3  Se inflection
Data collection
Cell a = ,  c = (A) 41 .38 , 227.38 41 .35 , 227 .39
Resolution (A) 3 8 -2 .7 38 -2 .8
(high) (2 .79-2 .7) (2.9-2.8)
No. unique reflections 10,392 9,222
Rmerge 5.3 (27.9) 6 .4  (21.1)
Completeness 99.2 (99.2) 98 .8  (98.5)
l-Sigl 10.0 (2.4) 10.2 (2.31)
Redundancy 1 .8(1 .7) 1.8 (1.7)
Refinement
R/Rfree 2 7 .0 /3 1 .4 NA
No. protein atoms 1,067 NA
No. water atoms 21 NA
<B> protein 58.5 NA
<B> water 52.1 NA
Rms bond (A) 0 .014 NA
Rms angle (°) 1.5 NA
NA, not applicable.
A rc h ite c tu re  o f  a  m ito chond ria l f is s io n  a d a p to r  • K o ira la  e t  al.
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Summary
Mitochondrial fission is mediated by the dynamin-related GTPases Dnm1/Drp1 
(yeast/mammals), which form spirals around constricted sites on mitochondria. 
Additional membrane-associated adaptor proteins (Fis1, Mdv1, M ff and MiDs) are 
required to recruit these GTPases from the cytoplasm to the mitochondrial surface. 
Whether these adaptors participate in both membrane scission and GTPase recruitment is 
not known. Here we use a yeast strain lacking all fission proteins to identify the minimal 
combinations of GTPases and adaptors sufficient for mitochondrial fission. Although 
Fis1 is dispensable for fission, membrane-anchored Mdv1, Mff, or MiDs paired 
individually with their respective GTPases are sufficient to divide mitochondria. In 
addition to their role in Drp1 membrane recruitment, MiD proteins coassemble with Drp1 
in vitro. The resulting heteropolymer adopts a dramatically different structure with a 
narrower diameter than Drp1 homopolymers assembled in isolation. This result provides 
the first demonstration that an adaptor protein alters the architecture of a mitochondrial 
dynamin GTPase polymer in a manner that could facilitate membrane constriction and 
severing activity.
Introduction
Dynamin-related proteins (DRPs) are self-assembling GTPases that regulate lipid 
remodeling events at different cellular membranes (Praefcke and McMahon, 2004). Two 
of these DRPs, Dnm1 (yeast) and Drp1 (human), play conserved roles in mitochondrial 
fission, which is important for biological processes including mitochondrial inheritance 
during cell division (Gorsich and Shaw, 2004; Taguchi et al., 2007), clearance of 
defective mitochondria via mitophagy (Gomes et al., 2011; Parone et al., 2008; Rambold
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et al., 2011; Twig et al., 2008) and mammalian development (Ishihara et al., 2009; 
Wakabayashi et al., 2009).
In vivo, both the Dnm1 and Drp1 GTPases assemble from the cytoplasm into 
structures that encircle mitochondria at sites of future fission (Bleazard et al., 1999; 
Labrousse et al., 1999; Otsuga et al., 1998; Sesaki and Jensen, 1999). In vitro, addition of 
GTP to Dnm1-lipid tubules is sufficient to constrict synthetic liposomes (Ingerman et al., 
2005; Mears et al., 2011). However, a recent study revealed that mitochondrial 
constriction in yeast and mammals occurs at sites where endoplasmic reticulum (ER) 
tubules circumscribe mitochondria (Friedman et al., 2011). This ER-mediated 
mitochondrial constriction occurs prior to Dnm1 or Drp1 recruitment, suggesting that 
DRPs act after the initial constriction event to complete membrane fission. Neither Dnm1 
nor Drp1 has ever been shown to independently catalyze membrane scission in vivo or in 
vitro.
A variety of adaptor proteins localized to the outer mitochondrial membrane 
(OMM) play important, but poorly understood, roles in Dnm1/Drp1 recruitment and 
function. The membrane recruitment step is best understood in yeast, where Dnm1 binds 
to the fungal-specific adaptor Mdv1 (Cerveny et al., 2001; Tieu and Nunnari, 2000), 
which is in turn bound to the tail-anchored Fis1 protein (Mozdy et al., 2000). 
Fluorescence microscopy studies show that Mdv1 colocalizes with Dnm1 at sites of 
mitochondrial fission (Naylor et al., 2006). In vitro, Mdv1 interacts with the GTP-bound 
form of Dnm1 and stimulates Dnm1 self-assembly (Lackner et al., 2009).
Fis1 is conserved in humans (hFis1), but does not appear to recruit Drp1 to 
mitochondria. Instead, Drp1 recruitment is mediated by Mff, another tail-anchored
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protein (Gandre-Babbe and van der Bliek, 2008; Otera et al., 2010). Two additional 
human proteins, the orthologs MiD49 and MiD51, are N-terminally anchored in the 
OMM and also play a role in Drp1 recruitment (Palmer et al., 2011; Zhao et al., 2011). 
Neither M ff or MiDs are related by sequence or predicted secondary structure to Mdv1. 
The M ff and MiD49/51 proteins form rings surrounding mitochondria, suggesting that 
they coassemble with Drp1 (Palmer et al., 2011); however, their specific roles in Drp1 
assembly and membrane scission are not well understood. Thus, major unanswered 
questions remain regarding whether or not adaptor proteins participate in lipid 
remodeling and membrane scission and whether they act independently or in concert in 
vivo.
Here we use a yeast strain devoid of fission proteins to identify the minimal 
combination of DRPs and adaptors sufficient for mitochondrial fission. We provide new 
evidence that Fis1 is dispensable for mitochondrial membrane scission. We also 
demonstrate that Mdv1, Mff, or MiDs paired individually with their respective DRPs are 
interchangeable, in that each is sufficient to catalyze fission. Importantly, co-assembly of 
a MiD protein with Drp1 dramatically decreases the diameter of the Drp1 structures 
formed. This result provides a direct demonstration that an adaptor protein can alter the 
architecture of a DRP assembly in a manner that could facilitate their membrane 
constriction and severing ability.
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Experimental Procedures
Yeast Strains and Growth Conditions 
Yeast strains and plasmids used in this study are listed in Tables 3.1 and 3.2. 
Standard yeast and bacterial techniques were used for construction and growth of strains 
(Green and Sambrook, 2012; Guthrie and Fink., 2002).
Plasmid Construction 
Plasmids used in this study are listed in Table 3.2. Plasmids B1642, B1808 and 
B2053 were described previously (Karren et al., 2005). To construct B1607 and B1816, 
DNA sequences encoding full length FIS1 and human DRP1 isoform 3 were PCR 
amplified and cloned into BamHI and SalI sites of the pRS415MET25 and pRS416MET25 
vectors (Stratagene). To create B2729, DNA sequences encoding TOM20 (1-51aa) 
(Ramage et al., 1993)were PCR amplified and cloned into the XbaI and BamHI sites of 
B1808 (in-frame with the existing FL MDV1 coding region). B2730 and B2731 were 
constructed by replacing BamHI-MDV1-SalI in B2729 with the indicated MDV1 coding 
sequences. For B3090, a three-way ligation reaction was performed with the 
pRS415MET25 vector (Stratagene) and PCR amplified fragments of monomeric 
GFPA207K and yeast Fis1131-155aa to generate pRS415MET25-BamHI-mOMGFP-BsiWI- 
Fis1131-155aa-SalI-pRS415 vector. For B3162, the StarGate® cloning system (IBA 
Solutions for Life Sciences) was used to introduce -PreScission Protease Cleavage Site- 
BamHI-hDRP1 isoform 3- into the EcoRI and SalI sites of the pYSG-IBA167 vector. For 
B3259, B3262 and B3294, the indicated coding sequences were exchanged for hDRP1 
using existing BamHI and SalI sites. For B3265, a two-step cloning protocol was used. 
First, the PCR amplified CUP1 promoter sequence was introduced into the SacII and SalI
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Table 3.1: Yeast Strains Used in Chapter 3
ID Genotype
JSY5740 MATa, leu2A1, his3A200, trp1A63, ura3-52, lys2A202 
JSY9548 MATa, leu2A1, his3A200, trp1A63, ura3-52, lys2A202, dnm1::GFP- 
DNM1, caf4::KanMX 
JSY9612 MATa, can1, ade2, trp1, ura3, his3, leu2, pep4::HIS3, prb1::LEU2, 
bar1::HISG, lys2::GAL1/10-GAL4 
JSY9801 MATa, leu2A1, his3A200, trp1A63, ura3-52, lys2A202, fis1::HIS3, 
caf4::KanMX, mdv1:: MET25-TOM20(1-51aa)-MDV1(1-714aa) 
JSY9802 MATa,, leu2A1, his3A200, trp1A63, ura3-52, lys2A202, fis1::HIS3, 
caf4::KanMX, mdv1:: MET25-TOM20(1-51aa)-MDV1(218-714aa) 
JSY9803 MATa,, leu2A1, his3A200, trp1A63, ura3-52, lys2A202, fis1::HIS3, 
caf4::KanMX, mdv1:: MET25-T0M20(1-51aa)-MDV1(317-714aa) 
JSY9804 MATa, leu2A1, his3A200, trp1A63, ura3-52, lys2A202, fis1::HIS3,
caf4::KanMX, dnm1::GFP-DNM1, mdv1:: MET25-T0M20(1-51aa)- 
MDV1(1-714aa)
JSY9805 MATa, leu2A1, his3A200, trp1A63, ura3-52, lys2A202, fis1::HIS3,
caf4::KanMX, dnm1::GFP-DNM1, mdv1:: MET25-T0M20(1-51aa)- 
MDV1 (218-714aa)
JSY9806 MATa, leu2A1, his3A200, trp1A63, ura3-52, lys2A202, fis1::HIS3,
caf4::KanMX, dnm1::GFP-DNM1, mdv1:: MET25-T0M20(1-51aa)- 
MDV1(317-714aa)
JSY9807 MATa, leu2A1, his3A200, trp1A63, ura3-52, lys2A202, caf4::KanMX, 
mdv1:: MET25-MDV1 
JSY10005 MATa, leu2A1, his3A200, trp1A63, ura3-52, lys2A202, dnm1::HIS3, 
fis1::HIS3, caf4::KanMX, mdv1:: MET25-hfis1(1-119aa)-yfis1(122- 
155aa)
JSY10006 MATa, leu2A1, his3A200, trp1A63, ura3-52, lys2A202, dnm1::HIS3, 
fis1::HIS3, caf4::KanMX, mdv1:: MET25-hmff(1-198aa)-yfis1(127- 
155aa)
JSY10007 MATa, leu2A1, his3A200, trp1A63, ura3-52, lys2A202, dnm1::HIS3,
fis1::HIS3, caf4::KanMX, mdv1:: MET25-T0M20(1-51aa)-hMiD49(48- 
454aa)
JSY10009 MATa, leu2A1, his3A200, trp1A63, ura3-52, lys2A202, dnm1::HIS3,
fis1::HIS3, caf4::KanMX, mdv1:: MET25-T0M20(1-51aa)-hMiD51(47- 
____________463aa)_________________________________________________________
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Table 3.2: Plasmids Used in Chapter 3
ID Plasmid Protein expressed
B1642 p414GPD-mito-fRFP N. crassa ATP9(1-69aa)+ff DsRed




B2731 pRS415MET25-T20-mdv1-CCWD T20 (1-51aa)-Mdv1(218-714aa)
B2732 pRS415MET25-T20-mdv1-WD T20(1-51aa)-Mdv1 (317-714aa)
B3090 pRS415MET25-mOMGFP-yFis1 mOMGFP-yFis1-TM (131-155aa)
B3162 pYSG-IBA167-hDrp1 Flag-Strep-PP-hDrp1 (isoform 3)
B3259 pYSG-IBA167-hMiD49 Flag-Strep-PP-hMiD49(48-454aa)
B3262 pYSG-IBA167-hMff Flag-Strep-PP-hMff(1- 198aa)
B3265 pRS416CUP1-mGFP-hDrp1 mGFP-hDrp1 (isoform 3)
B3294 pYSG-IBA167-10xHis-hMiD49 Flag-Strep-PP-His-hMiD49 (48-454aa)
B3357 pMAL-c2x-hMff MBP- 10xHIS-PP-hMff (1-198aa)
Abbreviations: h, human; y, yeast; PP, PreScission Protease Cleavage Site; T20, 
TOM20; mOMGFP, monomeric mitochondrial outer membrane GFP; aa, amino acids; 
TM, trans-membrane domain; FL, full length; CCWD, coiled coil + WD repeat; WD, 
WD repeat
sites of the pRS416 vector (Strategene) to create pRS416CUP1. This cloning step also 
introduced EagI and BamHI sites upstream of the SalI site. Second, a three-way ligation 
reaction was performed with pRS416CUP1 and PCR amplified fragments encoding
A 207Kmonomeric GFP and human Drp1 using EagI, BamHI and SalI sites. B3265 contains 
the following order of genes and restriction sites: pRS416 vector-SacII-CUP1-EagI- 
mGFP-BamHI-DRP1-SalI-pRS416 vector. B3357 was created by cloning PCR amplified 
sequences encoding residues 1-198aa of human M ff into the EcoRI and HinDIII sites of 
pMAL-c2x vector (New England Biolabs).
Fluorescence Microscopy 
Mitochondrial morphologies were quantified as described previously (Amiott et 
al., 2009; Koirala et al., 2010) in the indicated strains expressing mitochondrial-matrix 
targeted fast-folding RFP (mito-ffRFP also referred to as mito-RFP) or mitochondrial 
outer membrane-targeted GFP (mito-OMGFP). Unless noted in the text, Mdv1, M ff and 
MiD49/51 proteins were expressed from the MET25 promoter and integrated at the 
MDV1 locus. Dnm1 and GFP-Dnm1 were expressed from the native promoter and locus. 
Drp1 (variant 3) and GFP-Drp1 were expressed from the MET25 and CUP1 promoters, 
respectively, on pRS416.
Overnight cultures were grown at 30°C in the appropriate selective synthetic 
dextrose (SD) medium containing 100 |ig/mL methionine were diluted to 0.2 OD600 in 
medium containing 10 |ig/mL methionine and grown for 3-5 hours. Western blotting and 
imaging confirmed that DRP and adaptor proteins were stably expressed from the MET25 
and CUP1 promoters under these conditions. For GFP-Dnm1 analysis, cells were grown 
as described above but continually diluted into SD medium lacking methionine (to
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maintain an OD600 between 0.2 and 1.0) and scored at the indicated times. Mitochondrial 
phenotypes and formation of GFP-Dnm1 puncta were scored in 100 cells, and data are 
represented as the average and S.E.M. of at least three independent experiments. Images 
were acquired and processed as described (Koirala et al., 2010).
Time-lapse Imaging
For single-color time-lapse imaging, cells expressing mito-RFP were grown in 
selective synthetic dextrose medium and applied to concanavalin A (2 mg/ml, Sigma) 
treated Lab-tek II Chamber wells (Thermo Scientific) maintained at 30°C. Z-stacks (0.2 
^m optical sections) of fields of cells were acquired every 7 seconds over a 20 minute 
time course using a 3-I Marianas Live Cell Imaging microscope workstation (Denver, 
CO), equipped with dual ultra-sensitive Cascade II 512B EMCCD cameras (Roper 
Scientific, RS) configured with a Roper Dual-cam and Sutter DG-4 Illuminator (Sutter 
Instruments) with a 100X, 1.45 NA Plan-Apochromat objective (Zeiss). Data were 
deconvolved and analyzed using SlideBook 4.2 software (Intelligent Imaging 
Innovations, Inc). Substacks containing fission events were isolated from the entire stack 
to minimize signal background and assembled in Photoshop (CS3, Adobe). Brightness 
and contrast were adjusted using only linear operations applied to the entire image. For 
quantification, only cells that underwent one or more fission or fusion event during the 
time-course were selected for analysis. The results were expressed as the number of 
fission or fusion events per cell per 20-minute interval.
For two-color time-lapse imaging, cells expressing GFP-Drp1, mito-RFP and the 
indicated mammalian adaptor (MiD49, MiD51 or Mff) were grown in selective synthetic 
dextrose medium and applied to a Microfluidic chamber Y04c (Cellasic Corp.). Injection
56
of cells and medium was controlled by an ONIX Microfluidic Perfusion System and 
ONIX FG Version 2.6 software (Cellasic Corp.). Z-stacks of cells (0.3 ^m optical 
sections) were imaged every 30 seconds over an 30-minute time-course using an 
Observer Z1 microscope (Zeiss) equipped with HE GFP (set 38) and mRFP (set 63) shift 
free filter sets, an Axiocam MRm Rev.3 camera and a 100X, 1.4 NA Plan-Apochromat 
objective (Zeiss). GFP and DsRed channels were acquired sequentially using AxioVision 
4.8 software (Zeiss), and data were deconvolved and analyzed using AxioVision 4.6 
software (Zeiss). Substacks containing fission events were isolated and assembled as 
described above.
Protein Production
Human Drp1 (isoform 3; NP_005681.2), MiD49 (accession number Q96C03) and 
M ff (accession number Q9GZY8) constructs, each containing an N-terminal PreScission 
protease cleavage site and a FLAG®-One-STrEP tag (IBA), were expressed in JSY9612. 
Overnight cultures were diluted into selective SD medium containing 1 mM CuSO4 to 
induce expression (final OD600 of 0.2) and grown in a Belco fermentor at 30°C for 24 
hours. After harvesting, cell pellets were snap frozen in liquid nitrogen as small droplets 
and pulverized in a Freezer Mill (3 minutes x 15 cycles). All subsequent purification 
steps were performed at 4°C. Cell powders were dissolved in either high ionic strength 
lysis buffer (for hDrp1 -  100 mM Tris-Cl-pH-8.0, 500 mM NaCl, 1 mM DTT, 1 mM 
EDTA) or low ionic strength buffer (for MiD49 or M ff - 100 mM Tris-Cl-pH-8.0, 150 
mM NaCl, 1 mM DTT, 1 mM EDTA) containing Protease Inhibitor Cocktail III 
(Calbiochem). The lysates were clarified by centrifugation at 30,000 x g for 1 hour, 
filtered (0.45 |im), loaded onto 5 mL StrepTrap HP column (GE Healthcare), washed
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with 1 liter lysis buffer and cleaved in the column with PreScission protease (GE 
Healthcare) for 16 hours. Drp1 was dialyzed against 20 mM HEPES pH 7.4, 150 mM 
KCl, 2 mM MgCl2, 1 mM DTT, 0.5 mM EDTA, snap frozen in liquid nitrogen and stored 
at -80oC. Mff and MiD49 were further purified by size exclusion chromatography 
(Sepharose 200, GE Healthcare), dialyzed against 20 mM HEPES pH 7.4, 150 mM KCl, 
2 mM MgCl2, 1 mM DTT, 0.5 mM EDTA and stored at 4oC. Equilibrium sedimentation 
analysis performed on purified protein indicated that Drp1 variant 3 is a dimer in high 
ionic strength buffer (MWobs/MWcal = 2.17), the cytoplasmic domain of M ff is a dimer 
((MWobs/MWcal = 2.25) and the cytoplasmic domain of MiD49 is a monomer 
(MWobs/MWcal = 0.99).
Analytical Equilibrium Sedimentation 
The purified Drp1, MiD49 and M ff proteins were each centrifuged at a minimum 
of three concentrations (see Figure S1 legend) and two speeds (Drp1, 8,000 and 10,000 
rpm; MiD49, 8,000, 10,000 and 12,000 rpm; and Mff, 10,000 and 12,000 rpm) at 4°C 
until equilibrium was established. Data were globally fit to an ideal single species model 
with a floating molecular weight using nonlinear least squares analysis as implemented in 
HETEROANALYSIS (Cole, 2004). Representative data are shown for 10,000 rpm, with 
the MW fit and oligomeric state indicated. Buffers used for the analysis were Drp1 (20 
mM Hepes 7.4, 500 mM KCl, 2 mM MgCh, 1 mM EDTA, 1 mM DTT), MiD49 (100 
mM Tris-Cl 8.0, 150 mM NaCl, 1 mM EDTA, 1 mM TCEP), and M ff (50 mM Sodium 
Phosphate 7.4, 150 NaCl). Bottom panels show the residual differences between the data 
and the fit. Buffer densities and protein partial specific volumes were calculated with
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SEDNTERP (version 1.09) (Laue et al., 1992). For Drpl, 11% of the sample was lost 
during centrifugation (either to self-assembly or aggregation).
GTPase Assay
Inorganic phosphate release was measured using the malachite green phosphate 
assay (POMG-25H; BioAssay Systems) as described by the manufacturer and in Leonard 
et al. (Leonard et al., 2005). For the time course analysis, Drp1 (0.6 |iM) was assayed at 
37°C in high (500 mM KCl) or low (50 mM KCl) ionic strength buffer containing 20 
mM HEPES pH 7.4, 2 mM MgCl2, 1 mM DTT, 100 |iM GTP. Reactions were halted at 
the indicated times by diluting 20 |iL in 25 mM EDTA (final concentration) in a 
microtiter plate. Although 25mM EDTA was sufficient to halt the reaction, we found that 
higher EDTA concentrations lowered the signal generated by the malachite reagent 
during the development step. Samples were incubated at room temperature with 20 |iL 
Malachite Reagent (BioAssay Systems) and 60 |iL water for 30 minutes and the 
absorbance at 600 nm was measured using a ModulusTM Microplate Reader (Turner 
BioSystems). For the steady state kinetic analyis, GTP assays were performed at 37°C in 
reactions containing 0.6 |iM Drp1, 20 mM HEPES pH 7.4, 50 mM KCl, 2 mM MgCl2, 1 
mM DTT containing variable GTP concentrations (0, 25, 50, 75, 100, 200, 300, 500, 
1000, 1500 and 2000 |iM). Fixed volumes were removed every 5 minutes for 70 minutes, 
quenched by EDTA and developed as described above. Kcat and k05 were calculated in 
GraphPad Prism using nonlinear regression curve fitting. For time course analyses with 
adaptor proteins, GTPase assays were performed in reactions containing Drp1 (0.1 |iM) 
plus or minus M ff (0.5 |iM) or MiD49 (0.5 |iM) at 37°C in 50 |iM KCl, 20 mM HEPES 
pH 7.4, 2 mM MgCl2, 1 mM DTT and 200 |iM GTP. In all experiments, data shown are
the average and S.E.M. values obtained from triplicate samples analyzed at the same 
time. Each experiment was repeated three times.
Velocity Sedimentation and Flotation Assays 
For the velocity sedimentation assay (Figure 5C), 1.25 |iM Drp1 was incubated 
either in low ionic strength buffer (20 mM HEPES -  pH 7.4, 50 mM KCl, 2 mM MgCl2, 
1 mM DTT) or high ionic strength buffer (20 mM HEPES -  pH 7.4, 500 mM KCl, 2 mM 
MgCl2, 1 mM DTT) for 1 hour at 37oC. The reactions were spun down at 40,000 rpm 
(TLA 100 rotor) in a Beckman Optima MAX Ultracentrifuge for 1 hour at 25oC. 
Supernatants were removed and pellet fractions were resuspended in an equal volume of 
buffer. Twenty-five microliter of total, supernatant and pellet fractions were separated on 
10% SDS-PAGE gels and stained with Coomassie Brilliant Blue (CBB) dye. For the 
velocity sedimentation in Figure 7A, 1.25 |iM MiD49ATM, 1.25 |iM Drp1 or 1.25 |iM of 
both proteins were dialyzed at 25°C into 20 mM HEPES -  pH 7.4, 25 mM KCl, 2 mM 
MgCl2, 1 mM DTT, 200 |iM GMP-PCP for six hours. Samples were pelleted and 
processed for SDS-PAGE as described above.
Liposome Preparation 
(POPC) 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine, (POPS) 1-palmitoyl- 
2-oleoyl-sn-glycero-3-phospho-L-serine, Cholesterol, (Rhodamine-PE) 1,2-dipalmitoyl- 
SH-glycero-3-phosphoethanolamine-N-(lissamine rhodamine B sulfonyl) (ammonium 
salt), (Ni2+-NTA-DOGS) 1,2-dioleoyl-sn-glycero-3-[(N-(5-amino-1-carboxypentyl) 
iminodiacetic acid)succinyl] (nickel salt) and (DOPS) 1,2-dioleoyl-sn-glycero-3- 
phospho-L-serine were purchased from Avanti Polar Lipids in chloroform. 4 types of
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mixtures were prepared: 1) POPC, POPS, Cholesterol, Rhodamine-PE were mixed in a 
molar ratio 44.4:37:18:5:0.007 (37%PS liposomes), 2) POPC, POPS, Cholesterol and 
Ni2+-NTA-DOGS were mixed in a molar ratio 44.4:31:18.5:6 (Nickel liposomes), 3) 
100% DOPS (DOPS liposomes) and 4) POPC:Cholesterol were mixed in a molar ratio 
80:20 (neutral liposomes). Chloroform was evaporated by gentle vortexing under a steady 
stream of Nitrogen gas to make a thin lipid film around the walls of glass vials. These 
films were dried under vacuum for 1 hour at room temperature. Dried lipid films were 
then resolubilized in absolute hexane. The hexane was also evaporated under streaming 
nitrogen while vortexing, followed by a second round of dessication for 3-4 hours at 
room temperature. Lipid films were suspended in aqueous buffer (20mM HEPES pH 7.5, 
100mM KCl) by vortexing at room temperature. Aliquots from the liposome preparation 
were stored at -80°C.
Flotation Assays
Liposomes and proteins were mixed in a molar ratio 1000:1 (lipid:protein) in 
Beckman polycarbonate centrifuge tubes. After a 1-hour incubation at 4°C, the mixtures 
were homogenized with 300^L 2M sucrose in 20 mM Hepes 7.5, 100 mM KCl, 1 mM 
GMP-PCP (~1.5M final sucrose concentration). Two additional layers of 1M (150^L) 
and 0.5M (300^L) sucrose in the same buffer were carefully overlaid (in that order) on 
top of the homogenized mixture. The mixtures were spun using a TLS-55 rotor in a 
Beckman centrifuge for 1 hour at 54000 rpm (4°C). After the spin, the liposomes 
migrated to interfaces between individual sucrose layers and could be seen as turbid 
bands. The interfaces between individual sucrose layers were collected by pipetting and 
analyzed by 10% SDS-PAGE and CBB staining.
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In Vitro Membrane Binding and Tubulation Reactions 
For DRP1 tubulation reactions, DOPS liposomes were mixed with protein (1:1, 
mass:mass). After 1 hour, GMP-PCP was added and the sample was incubated for 4 
hours at room temperature. The effects of GTP hydrolysis were analyzed in two ways. 
First, after adsorption of the lipid and protein mixtures to EM grids, the sample was 
washed in 1mM GTP before immediately blotting and staining. Second, a stock of 10mM 
GTP was added to lipid-protein mixtures to a final concentration of 1mM GTP for 30 
minutes before applying to EM grids for staining.
For DRP1-MID49 co-polymerization, proteins were mixed 1:1 mass:mass, with 
or without liposomes and dialyzed overnight against 20mM HEPES, 25mM KCl, 200mM 
GMP-PCP, 20mM MgCl2 and 1mM DTT.
Electron Microscopy 
For negative stain EM, carbon coated copper grids were glow discharged for 15 
seconds. Five mictoliter of the sample were added to the surface, blotted and stained with 
1% Uranyl Acetate. Images were acquired using an FEI Tecnai T12 electron microscope 
equipped with a LaB6 filament and operated at 120kV. Magnifications of 21000X- 
42000X were recorded on a Gatan CCD.
Results
Requirements of Individual Yeast Proteins 
for Mitochondrial Fission
In WT yeast, opposing fission and fusion events maintain branched mitochondrial
tubules positioned at the cell cortex. When fission is disrupted, fusion continues
unopposed and cells contain mitochondrial nets or a single, interconnected
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mitochondrion, which often collapses to one side of the cell (Bleazard et al., 1999; 
Otsuga et al., 1998). To determine the minimal protein requirements for fission, we 
generated a yeast ‘tester’ strain lacking Dnm l, the M dvl adaptor and Fisl. This strain 
also lacked a paralog of the Mdv1 adaptor, Caf4, which was previously shown to be 
dispensable for fission in vivo (Griffin et al., 2005). This tester strain exhibited severe 
mitochondrial fission defects but was viable, grew as well as WT on a variety of media, 
and did not show increased mitochondrial DNA loss (unpublished data). To identify the 
minimal set of proteins sufficient for fission, we expressed combinations of wildtype 
(WT) and mitochondrial membrane-tethered Dnm1 and Mdv1 in the tester strain. 
Immunoblotting of whole cell extracts confirmed that all proteins were stably expressed 
at levels similar to the wildtype proteins in vivo (unpublished results). Mitochondrial 
morphology was then quantified to assess the ability of different protein combinations to 
restore WT mitochondrial fission and morphology.
Expression of cytoplasmic Dnm1, or Dnm1 tethered to the outer mitochondrial 
membrane by its N- or C-terminus was unable to rescue mitochondrial fission defects in 
the tester strain (unpublished data). Pair wise combinations of cytoplasmic Dnm1 
expressed with WT Fis1 or Mdv1 alone also failed to rescue mitochondrial morphology 
in this strain (unpublished results). By contrast, normal mitochondrial morphology was 
restored in 80% of the cells by expressing cytoplasmic Dnm1 together with WT Mdv1 
and Fis1 (Figure 3.1B). To determine whether Fis1 was necessary for post Dnm1 
recruitment steps in fission, we expressed cytoplasmic Dnm1 with full-length and 
truncated forms of Mdv1 tethered to the outer mitochondrial membrane by the Tom20
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Figure 3.1. F isl is Dispensable for Mitochondrial Fission
(A) Domain structure of WT Mdv1 and Mdv1 constructs fused to the N-terminal 
transmembrane anchor of yeast TOM20 (T20). NTE (N-terminal extension), CC (coiled 
coil), and predicted P-propeller domains are shown. (B) Quantification of mitochondrial 
morphology in cells expressing the indicated fission proteins. All values are mean ± 
SEM, n > 300. A representative image of WT tubular mitochondria is shown in Figure 
4C.
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membrane anchor (T20, Figure 3.1A). Mdv1 contains three domains, an N-terminal 
extension (NTE) that binds Fis1 (Tieu et al., 2002), a middle domain that dimerizes 
Mdv1 via an antiparallel coiled-coil (CC) (Koirala et al., 2010), and a predicted P- 
propeller domain that interacts with Dnm1 (Cerveny and Jensen, 2003; Tieu et al., 2002) 
(Figure 3.1A). Surprisingly, although WT mitochondrial morphology was restored in 
strains expressing Dnm1 plus all three tethered forms of Mdv1, the full-length construct 
was not the most efficient. The lack of a Fis1 binding partner for the NTE domain in the 
full-length Mdv1 construct may affect the conformation of the protein and be responsible 
for this effect. Consistent with this idea, the most efficient rescue occurred upon 
expression of the tethered Mdv1 coiled-coil plus P-propeller domain (lacking the NTE 
domain) (Figure 3.1B). The mitochondrial morphology rescue observed in these studies 
suggests that soluble Dnm1 and tethered forms of Mdv1 are sufficient to catalyze fission 
in the absence of Fis1.
Fis1 Is Not Essential for Dnm1 Assembly into Fission 
Complexes or Membrane Scission
When cells lack Mdv1 and Fis1, GFP-Dnm1 cannot be recruited to mitochondria 
and instead remains in the cytoplasm (unpublished results). When WT Mdv1 and Fis1 are 
present, GFP-Dnm1 assembles into punctate fission complexes distributed evenly along 
mitochondrial tubules (Figure 3.2A and B, top row). Consistent with their ability to 
rescue fission defects, all three forms of tethered Mdv1 were able to recruit GFP-Dnm1 
to mitochondria in the absence of Fis1 (Figure 3.2A and B). The formation and 
distribution of GFP-Dnm1 complexes were similar to that observed in WT cells (Figure
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Figure 3.2. Dnm1 Fission Complexes Assemble on Mitochondria in the Absence of 
Fis1
(A) Punctate GFP-Dnm1 fission complexes on mitochondria were quantified in strains 
expressing the indicated fission proteins. All values are mean ± SEM, n > 300. (B) 
Representative images of GFP-Dnm1 puncta on mitochondria quantified in (A). 
Differential interference contrast (DIC), GFP-Dnm1, and merged mito-RFP 
(mitochondrial-matrix targeted dsRed) images are shown. Scale bar, 5 |im.
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3.2B), despite the fact that fission complexes formed by two of the tethered Mdv1 
proteins (T20-Mdv1, T20P) were less functional than Mdv1 T20-CC-P (Figure 3.1B).
In vivo, yeast mitochondrial fission and fusion are coordinated, each process 
occurring approximately once every 2 minutes (Nunnari et al., 1997). Although the 
molecular basis of this coordination is unknown, the balance is critical for robust 
mitochondrial function (Twig and Shirihai, 2011). Quantification of fission and fusion 
events in time lapse imaging studies confirmed that these processes were balanced in our 
WT yeast strain (Figure 3.3A). We next determined whether the balance of fission and 
fusion was altered when fission occurred without Fis1 in the tester strain (Figure 3.3B). 
When cells expressed only cytoplasmic Dnm1, unopposed fusion formed interconnected 
mitochondria with few or no free tips. As a consequence, once the system achieved 
steady state, neither fission nor fusion was observed. By contrast, when cells expressed 
cytoplasmic Dnm1 and tethered forms of Mdv1, fission and fusion events were once 
again balanced. Representative images of fission and fusion events in these cells are 
shown in Figure 3.3C. Together, our results demonstrate that after Mdv1 and Dnm1 are 
recruited to the mitochondrial surface, Fis1 is not required for assembly of functional 
fission complexes and the subsequent membrane scission event. Moreover, a balance 
between fission and fusion is achieved in these strains.
Mff or MiDs Are Sufficient to Recruit Human Drp1 
to Mitochondria and Catalyze Fission
The hFis1, M ff and MiD49/51 adaptors are all expressed in mammalian cells. As 
a consequence, it has been difficult to definitively determine whether these adaptors work 
individually or in concert to influence fission complex assembly or mitochondrial
69
70
Figure 3.3. Mitochondrial Fission and Fusion Events in Cells Lacking Fisl
Box-and-whisker plot showing the distribution of fission (n > 10 cells) and fusion (n > 10 
cells) events in (A) WT and (B) strains expressing the indicated fission proteins. Total 
fission or fusion events per cell for a twenty-minute interval are indicated. (C) 
Representative mito-RFP labeled mitochondria are shown undergoing fission (top, arrow) 
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division after Drp1 membrane recruitment. To address this issue, we individually 
expressed OMM tethered forms of each adaptor protein with soluble Drp1 (variant 3, 
NP_005681.2) in the yeast tester strain. To maintain their appropriate membrane 
topologies, the cytoplasmic domains of hFis1 and M ff were targeted using the yeast C- 
terminal Fis1 anchor (yTM) and the MiD proteins were targeted using the yeast N- 
terminal Tom20 anchor (T20) (Figure 3.4A).
In the absence of Drp1, expression of any of the three tethered forms shown in 
Figure 3.4A individually or in combination did not rescue fission defects (unpublished 
results). In addition, mitochondrial fission was not rescued by expression of Drp1 alone 
(unpublished results) or Drp1 with tethered hFis1 (Figure 3.4B). The latter result is 
consistent with a previous report that hFis1 is not essential for Drp1 recruitment in 
mammalian cells (Otera et al., 2010). By contrast, expression of soluble Drp1 with 
tethered Mff was sufficient to partially rescue mitochondrial fission and WT 
mitochondrial morphology in vivo (Figure 3.4B). Expressing tethered hFis1 in addition to 
M ff had little effect on this rescue. Thus, hFis1 does not appear to impact fission 
mediated by Drp1 and tethered M ff in this system.
We also examined mitochondrial fission rescue in a tester strain expressing Drp1 
and MiD51 from the repressible MET25 promoter. Prior to induction (Figure 3.4C, 0 
hour.), approximately 79% of the cells in the population contained collapsed 
mitochondria and interconnected nets characteristic of a fission defect (Figure 3.4C, 
black). The remaining 21% contained WT tubular mitochondria (Figure 3.4C, grey) due 
to the fact that the MET25 promoter is inefficiently repressed under these conditions and 
produces low levels of both Drp1 and MiD51 proteins. WT mitochondrial morphology
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Figure 3.4. Mammalian Drp1 and Mitochondrial-Tethered Adaptor Proteins Rescue 
Mitochondrial Fission Defects in Yeast
(A) Domain structures of human Fis1 (hFis1) and M ff fused to the C-terminal outer 
membrane anchor of yeast Fis1 (yTM). Human MiD49 or MiD51 were targeted to the 
mitochondrial outer membrane via fusion to the N-terminal transmembrane anchor of 
yeast Tom20 (T20). (B) Quantification of mitochondrial morphology in cells expressing 
M ff plus the indicated fission proteins and mito-OMGFP. All values are mean ± SEM, n 
> 300. (C) The graph shows quantification of mitochondrial morphologies observed in 
cells during induction of Drp1 and MiD51 from the MET25 promoter. The merged DIC 
and mito-OMGFP images to the right of the graph are representative of the mitochondrial 
morphology categories scored. Scale bar, 5 |im. (D) Time-lapse images of GFP-Drp1 at 
fission sites in cells expressing M ff (top), MiD49 (middle) or MiD51 (bottom). Boxed 


























increased to 61% and 69% after 1.5 or 3.0 hours of MiD51 induction, respectively, 
suggesting that cytoplasmic Drp1 and tethered MiD51 are sufficient to catalyze fission in 
the yeast tester strain. Upon further induction (4.5-9 hours), the percentage of cells 
containing tubular mitochondrial morphology was reduced and the percentage of the 
population containing fragmented and aggregated mitochondrial membranes steadily 
increased from 27% to 83% (Figure 3.4C, white). This aggregated mitochondrial 
phenotype was also observed when MiD49 and MiD51 were over expressed in 
mammalian cells (Palmer et al., 2011). Similar results were obtained when the 
experiment was performed with MiD49 in place of MiD51 (unpublished results).
Time-lapse imaging studies confirmed that the mitochondrial morphology 
changes observed upon expression of Drp1 with either Mff, MiD49 or MiD51 was due to 
mitochondrial fission. In our tester strain expressing functional GFP-Drp1 and Mff, 
MiD49 or MiD51, green Drp1 puncta were observed on RFP-labeled mitochondrial 
tubules at sites where fission occurred (Figure 3.4D). Together, these results establish 
that Drp1 is able to function with multiple adaptors to catalyze mitochondrial membrane 
fission.
The Effect o f M ff and MiD Adaptors on GTP Hydrolysis by Drp1 
To determine whether mammalian adaptor proteins altered the kinetic properties 
of Drp1, we purified untagged versions of all three proteins (Drp1, M ff and MiD49). 
Analytical ultracentrifugation studies are consistent with Drp1 and M ff forming dimers, 
while MiD49 behaves as a monomer in solution (Figure 3.S1). As is characteristic of self­
assembling GTPases in the dynamin family, Drp1 pelleted in low, but not high, ionic 
strength buffer in a standard sedimentation assay (Figure 3.5C). GTP-hydrolysis by Drp1
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Figure 3.S1. Purification and Analytical Equilibrium Sedimentation Analysis of 
Drp1, MiD49 and Mff
(A) SDS-PAGE of the indicated purified proteins stained with Coomassie Brilliant Blue. 
Analytical equilibrium sedimentation analysis of (B) Drp1 (14.8 ^M, 7.4 ^M, 3.7 ^M), 
(C) MiD49 (9.4 ^M, 4.7 ^M, 2.3 ^M), and (D) M ff (130.0 ^M, 65.1 ^M, 32.6 ^M). In 
(B-D), corresponding fits (MWobs/Mcalc) are indicated above each graph and residuals for 




















Figure 3.5. Effects of M ff and MiD49 on Drpl GTPase Activity
(A) Time course of GTP hydrolysis by Drpl (0.6 ^M) measured in 100 GTP, 37°C at 
high (500 mM KCl) and low (50 mM KCl) ionic strength. (B) Steady state kinetics of 
Drp1 (0.6 ^M) GTP hydrolysis measured at low ionic strength (50 mM KCl), 37°C. (C) 
A Coomasie blue stained gel showing velocity sedimentation of Drp1 at high and low 
ionic strength. T, total; S, supernatant; P, pellet. (D) Drp1 kinetic parameters determined 
as described in (B) and the methods. kcat, turnover number; Vmax, maximal rate of 
hydrolysis; K05, substrate concentration where velocity is one-half maximal. (E and F) 
GTP hydrolysis by Drp1 (0.1 ^M) measured in 200 ^M GTP, 50 mM KCl, 37°C in the 
presence and absence of the indicated adaptor proteins. Cytoplasmic domains of M ff (E) 
or MiD49 (F) purified from yeast were included at 0.5 ^M. Similar results were obtained 




















also increased up to 15 fold in low ionic strength buffer, indicating that self-assembly 
stimulated GTP hydrolysis (Figure 3.5A). Under assembly-stimulated conditions (low 
ionic strength, Figure 3.5B and D), the catalytic activity of Drp1 (kcat = 6.5/min) was 
similar to that reported for the yeast mitochondrial dynamin Dnm1 (Lackner et al., 2009). 
However, the Drp1 catalytic activity shown here is 7.6 times greater than that reported 
previously for a CBP-Drp1 fusion protein (CBP, calmodulin-binding peptide) (Chang et 
al., 2010). It is possible that the N-terminal CBP tag on Drp1 or the bacterial expression 
system used to purify the CBP-Drp1 fusion protein contributed to the lower activity 
observed in the Chang et al. study. Importantly, the addition of M ff or MiD49 only 
modestly increased the assembly-driven GTP hydrolysis activity of Drp1 (Figure 3.5E 
and F). Thus, these adaptors do not act as classical effectors to enhance GTP hydrolysis 
by Drp1.
MiD49 Coassembles With Drpl and Reduces Polymer Diameter 
We used negative staining transmission electron microscopy (TEM) to analyze 
the structures formed by Drp1 in vitro. At low temperature, apo-Drp1 (without 
nucleotide) did not assemble into well-ordered structures (Figure 3.6A). When the non- 
hydrolyzable analog GMP-PCP was added, Drp1 assembled into rings with an average 
external diameter of 33.5 ± 4.1 nm (Figure 3.6B and G). Raising the temperature to 25°C 
in the presence of GMP-PCP, produced Drp1 spirals (34.4 ± 6.4 nm) that often excluded 
DOPS containing lipids present in the reaction (Figure 3.6C and asterisk). Less 
frequently, Drp1 was able to deform DOPS lipids in the presence of GMP-PCP at 25°C, 
forming tubes with ordered striations along their length (Figure 3.6D). Interestingly, the 
diameter of these Drp1 tubes was significantly smaller (64.7 ± 7.2 nm) than that reported
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Figure 3.6. Drp1 Self-Assembly Induces Lipid Tubulation and Constriction In Vitro
(A-C) Transmission electron micrographs of negatively-stained Drp1 assemblies. (A) 
Drp1 protomers do not assemble in the absence of nucleotide at 4°C. (B) Drp1 assembles 
into limited rings in the presence of GMP-PCP at low temperature (white arrow). (C) At 
25°C, Drp1 forms spirals or stacks of rings in the presence of GMP-PCP that exclude PS- 
containing lipids (asterisk). (D) Drp1 assembles around DOPS liposomes in the presence 
of GMP-PCP at 25°C. Drp1-decorated lipid tubes assembled in the presence of GMP- 
PCP were imaged after treatment with (E) 1mM GTP for 10 seconds or (F) 30 minutes. 
(G) Average external diameters of Drp1 structures in B-F (white arrowheads). For all 
measurements, n = 50. Bars are 50 nm.
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previously for Dnm1 assembled on lipids (109-121 nm, (Ingerman et al., 2005; Mears et 
al., 2011)). Constriction of these structures occurred upon exposure to GTP (Figure 3.6E 
and G), generating polymers with an average diameter of 30.7 ± 4.9 nm (Figure 3.6F and 
G).
We also analyzed the interaction of Drp1 with MiD49. In the presence of GMP- 
PCP, Drp1 self-assembles and pellets in a sedimentation assay (Figure 3.7A). Although 
the cytoplasmic domain of MiD49 alone (MiD49ATM) remains in the supernatant fraction, 
the adaptor sediments in the presence of Drp1, consistent with the idea that the two 
proteins bind to each other and may coassemble (Figure 3.7A). These findings were 
confirmed using a flotation assay (in the presence of GMP-PCP). His-tagged MiD49ATM 
alone (His-MiD49ATM) was able to bind and float with liposomes containing nickel- 
modified lipids after centrifugation in a sucrose step gradient (Figure 3.7B, top, lane 1). 
This fractionation pattern was dependent upon the presence of nickel (Ni-NTA) lipids 
and did not occur when membranes lacking the Ni-NTA moiety were substituted in the 
experiment (Figure 3.7B, bottom, lane 1). Although Drp1 has a weak affinity for the Ni- 
NTA liposomes on its own (Figure 3.7B, top, lane 4), the fraction of Drp1 bound to these 
liposomes visibly increased in the presence of the MiD49 adaptor (Figure 3.7B, top, lane 
7). In control experiments, MiD49 and Drp1 (alone or in combination) did not float with 
electrostatically-neutral lipids (Figure 3.7B, bottom, lanes 6 and 9).
Negative stain TEM revealed a dramatic effect of MiD49 on Drp1 polymer 
formation. At 25°C in the presence of GMP-PCP, Drp1 plus MiD49 formed extended, 
uniform polymers with distinct striations (Figure 3.7C, top). These polymers had an 
average external diameter of 14.9 ± 1.5 nm, which is less than half the diameter of ring
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Figure 3.7. MiD49 Copolymerizes with Drp1 and Decreases Polymer Diameter
(A) MiD49ATM (lacking the transmembrane domain) cosediments with Drp1. (B) DO 
DGS-NTA(Ni)-containing liposomes (top panel) decorated with His-tagged MiD49ATM 
promote flotation of Drp1 in a sucrose step gradient. Charge-neutral liposomes 
(POPC/Cholesterol, bottom panel) bind His-tagged MiD49ATM poorly and do not promote 
Drp1 flotation. As depicted in the cartoon gradient at the right, protein-bound liposomes 
float to the top of the 0.5 M sucrose layer. (C) Top, in the presence of MiD49ATM, Drp1 
forms ordered polymers (arrows) with a diameter of 14.9 ± 1.5 nm. Bottom, periodicity 
(~5 nm) measured along the length of the Drp1:MiD49 polymers. (D) Effect of 
Drp1:MiD49 (molar:molar) ratios on polymer assembly. Decreasing MiD49 
concentration reduces formation of narrow (14.9 nm) polymers (white arrowheads) and 





















stacks formed by Drpl alone (34.4 ± 6.4 nm, Figure 3.6G). Measurement of pixel 
intensity along the length of these structures revealed a highly regular ~5 nm periodicity 
(Figure 3.7C, bottom). In control studies, MiD49 did not reproducibly assemble into 
visible structures in the presence or absence of GTP or GTP analogs (unpublished 
results).
To further investigate the nature of these narrower polymers, we examined 
assembly in the presence of different Drp1:MiD49 (molar:molar) ratios. Incubation of 
Drp1 and MiD49 at a 1:1 ratio in the presence of GMP-PCP produced mainly polymers 
with the smaller average diameter (Figure 3.7D, white arrowheads,14.9 ± 1.5 nm). These 
polymers often associated laterally into bundles. When a ratio of Drp1:MiD49 of 5:1 or 
10:1 was examined, fewer narrow polymers were observed (Figure 3.7D, white 
arrowheads), with a concomitant increase in polymers of larger diameter (black 
arrowheads). Both the appearance and the diameter of the latter spirals were similar to 
those formed by Drp1 alone (Figure 3.6C). These data are consistent with the idea that 
coassembly of MiD49 with Drp1 is stoichiometric, and suggests that MiD49 
copolymerizes with Drp1 rather than simply nucleating assembly of a Drp1 
homopolymer.
Discussion
The adaptor proteins studied here were originally shown to mediate the 
recruitment of the Dnm1 or Drp1 GTPases to mitochondria, however, their post­
recruitment roles in mitochondrial fission were not clear. In this study, we demonstrate 
that individual adaptor-GTPase pairs act after recruitment to catalyze membrane division
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in vivo. In the case of Drp1, coassembly with one of these adaptors increases the order, 
and dramatically decreases the diameter of the polymers formed.
The identification of Fis1 and Dnm1/Drp1 in yeast and mammals initially 
suggested that the basic molecular machinery for mitochondrial fission was conserved 
during evolution. While the role of yeast Fis1 in Mdv1-Dnm1 recruitment to 
mitochondria has never been questioned, data supporting a function for mammalian Fis1 
in Drp1 recruitment was contradictory. This issue was recently resolved by the 
demonstration that it is human Mff, rather than Fis1, that acts as the mitochondrial 
receptor for Drp1 (Otera et al., 2010). Soon after MiD49 and MiD51 were also reported 
to mediate Drp1 mitochondrial recruitment (Palmer et al., 2011; Zhao et al., 2011). We 
show here that yeast Fis1 is dispensable for fission when the Mdv1 adaptor is membrane- 
tethered, allowing Dnm1 recruitment to mitochondria. Moreover, expression of human 
Fis1 and Drp1 in yeast was not sufficient to rescue mitochondrial fission defects. Thus, 
Fis1 has not been conserved throughout evolution because of an essential role in 
Dnm1/Drp1-mediated membrane scission. What, then, is the conserved function of Fis1? 
Although mitochondrial fission proteins have also been implicated in peroxisome 
division and mitophagy in yeast and mammals (Koch et al., 2003; Kuravi et al., 2006; Li 
and Gould, 2003), Fis1 appears to be dispensable for peroxisome fission in human cells 
(Otera et al., 2010) and for mitophagy in yeast (Mendl et al., 2011; Okamoto et al., 2009). 
In addition, it was recently suggested that mammalian Fis1 directly interacts with MiD51 
(also called MIEF1) to negatively regulate fission (Zhao et al., 2011). Further studies are 
clearly necessary to determine whether Fis1 has a conserved function(s) in organelle 
division.
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Our findings show unambiguously that a single type of adaptor protein is 
sufficient for mitochondrial membrane scission by human Drp1. Why, then, do 
mammalian cells simultaneously express Mff, MiD49 and MiD51? Studies to date have 
not identified significant differences in the mitochondrial fission events mediated by 
these different adaptors (Otera et al., 2010; Palmer et al., 2011; Zhao et al., 2011). 
However, the assays used in these studies (morphological quantification and fixed time- 
point analysis) would fail to detect significant temporal, spatial or mechanistic 
differences in Drp1 recruitment, assembly and/or membrane scission that are specific to 
each adaptor. In addition, the physiological circumstances (i.e. apoptosis, mitophagy) in 
which each adaptor is activated might differ. Documented posttranslational modifications 
of Drp1 including phosphorylation (Cereghetti et al., 2008; Chang and Blackstone, 2007; 
Cribbs and Strack, 2007; Han et al., 2008; Kim et al., 2011; Taguchi et al., 2007), 
sumoylation (Braschi et al., 2009; Figueroa-Romero et al., 2009; Wasiak et al., 2007; 
Zunino et al., 2009), nitrosylation (Cho et al., 2009) and ubiquitination (Horn et al., 2011; 
Karbowski et al., 2007; Nakamura et al., 2006; Wang et al., 2011; Yonashiro et al., 2006) 
could also influence the identity of the adaptor used for fission (as could posttranslational 
modifications of the adaptors themselves) . Finally, it is possible that multiple adaptors 
work together with Drp1 at a single division site. Such cooperation has been documented 
for the paralogous adaptors Mdv1 and Caf4 in yeast (Guo et al., submitted) and it seems 
likely that the MiD49 and MiD51 paralogs will also have the capacity to function with 
Drp1 at the same fission site in mammals.
Distances of < 1 nm between opposing lipid bilayers are thought to be necessary 
for initiation of inner leaflet hemifusion and subsequent membrane scission (Bashkirov et
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al., 2008; Hernandez et al., 2012). Taking into account the diameter of a lipid bilayer (~ 5 
nm) (Leforestier et al., 2012; Wang et al., 2006), and the fact that mitochondria have a 
double membrane, the average external diameter we measured for Drp1-lipid tubules 
(30.7 nm, Figure 3.6G) would not produce a lumenal distance small enough to initiate 
fission of both the inner and outer mitochondrial membranes. This problem could be 
overcome by coassembling MiD49 with Drp1, as the ~15 nm average external diameter 
of the Drp1:MiD49 copolymer is sufficiently narrow to drive fission. Like the 
copolymers formed by coincubation of dynamin-1 with endophilin (Sundborger et al.,
2011) or amphiphysin (Takei et al., 1999), the MiD49:Drp1 copolymers shown here also 
change the structural properties of a dynamin GTPase polymer. In the case of N-BAR 
proteins and dynamin-1, the hybrid coat has a different diameter and different pitch. A 
detailed understanding of how MiD49 alters structural features of the Drp1 polymer, and 
the functional consequences of the hybrid assembly for the fission process requires 
further study.
Our findings clarify the individual functions of mitochondrial adaptors and 
challenge the notion that these proteins act solely to recruit and stimulate assembly of the 
DRPs Dnm1 and Drp1 on the correct cellular membrane. Instead, coassembly of adaptors 
with DRPs may work generally to change the physical properties of the resulting 
polymers in a manner that promotes or regulates membrane scission. For example, 
coassembly could prevent promiscuous fission by altering contacts between adjacent 
turns of the DRP helix, thereby inhibiting mechanochemical conformational changes that 
lead to constriction and fission. Such an inhibited state may be regulatory, delaying 
constriction until a signaling event or another factor is recruited. Alternatively, as shown
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here, the copolymer may have different geometric properties and be able to form a more 
compact state that promotes membrane constriction and fission. Regardless of the 
mechanism, we suggest that the ability to modulate polymer geometry will be a common 
function of mitochondrial dynamin adaptors.
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In this dissertation, I present two studies that advance understanding of how yeast 
and mammalian adaptor proteins regulate mitochondrial fission DRP activity. Chapter 2 
studies establish the importance of Mdv1 CC-mediated dimerization in Dnm1 assembly 
and function. The crystal structure of the Mdv1 CC provides insight into the molecular 
architecture of the Fis1-Mdv1 complex and its role in positioning the Dnm1 GTPase for 
assembly on the membrane (Figure 1.4). In addition, my studies reveal that the length 
and amino acid sequence of the antiparallel Mdv1 CC is optimized for efficient Dnm1 
assembly and function in mitochondrial membrane scission.
In Chapter 3, I analyzed the relative contributions of yeast and mammalian 
adaptors to fission using a novel yeast tester strain. These studies advance the field by 
showing that: 1) yFis1 is dispensable for mitochondrial fission as long as Mdv1 is 
artificially recruited (tethered) to the mitochondrial outer membrane, 2) yFis1 does not 
regulate Dnm1 assembly or fission function in vivo, 3) yFis1 does not contribute to the 
equilibrium of balanced fission and fusion, 4) hMff, hMiD49 and hMiD51 work 
independently and interchangeably to recruit and assist hDrp1 in mitochondrial 
membrane fission, 5) hFis1 is not a mitochondrial fission adaptor for hDrp1, and 6) 
hMiD49 alters hDrp1 assembly properties in vitro.
In the Appendix, I include a study that dissects the role of the Mdv1 paralog, 
Caf4, in yeast mitochondrial fission (Guo et al., 2012). This project was led by my 
colleague and fellow graduate student Qian Guo. In particular, I contributed to the fixed­
time point analysis showing that Mdv1 and Caf4 colocalize in fission complexes on 
mitochondrial tubules. Complementary time-lapse imaging studies were used to confirm
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the colocalization and demonstrate that bona fide mitochondrial fission events occurred at 
sites containing both adaptors. Similar imaging experiments showed for the first time that 
Caf4 alone mediates mitochondrial fission when Mdv1 is absent. This study further 
demonstrates that unlike Mdv1, Caf4 function in mitochondrial fission is very sensitive to 
protein concentration. Caf4 generates highly interconnected mitochondria when over 
expressed, indicative of a dominant-negative effect on mitochondrial scission. Together 
our findings demonstrate that Caf4 is a functional fission adaptor, although the functions 
of Caf4 and Mdv1 are not equivalent.
Together, my thesis studies further our general understandings of how the 
mitochondrial fission adaptors have structurally diversified in the course of evolution yet 
functionally converged to assist the mitochondrial fission DRPs in membrane scission 
reactions. As described below, my thesis studies have also raised new questions for future 
study.
Dispensability of F isl and Caf4 in Mitochondrial Fission
Yeast has two paralogous fission adaptors Mdv1 and Caf4 (Figure 1.3). Although 
we were able to show that Caf4 can function as an adaptor on its own, we were unable to 
identify physiological conditions where Caf4 was necessary or beneficial to cell survival 
or fitness. Nevertheless, it remains possible that Caf4 has one or more physiological roles 
that contribute to organismal fitness. First, phylogenetic analysis carried out by Qian Guo 
indicates that Caf4 has been conserved in all but one related yeast species since it was 
created by an ancient gene duplication event. Second, the increased rate of amino acid 
substitution and low sequence identity (30%, Table 1.2) of Caf4 relative to Mdv1 
supports the idea that the functions of the two proteins have, or are in the process of,
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diverging. It may be that the fitness advantage conferred by Caf4 is so small that we 
simply cannot measure it using the available methods. Since the physiology and/or 
growth of other yeast species shown in the phylogenetic analysis may differ from S. 
cerevisiae, it may be worthwhile to examine how loss of Caf4 affects fitness in these 
other yeasts.
Although I was able to show that yeast Fis1 is dispensable for mitochondrial 
fission when Mdv1 is tethered to mitochondria, under normal circumstances, Fis1 is 
essential for both Mdv1 and Dnm1 recruitment to the outer mitochondrial membrane. 
However, the need for Fis1 function in mammals is much less clear. The fact that Fis1 
orthologs are present in all eukaryotic kingdoms suggests that there is a conserved 
function for Fis1. Interestingly, when Fis1 sequences of yeast and human are aligned, 
there is only around 22% amino acid sequence identity between them (Table 1.2). Study 
by Stojanovski et al., 2004, showed that cytoplasmic domains of hFis1 and yFis1p are not 
functionally interchangeable in vivo. Structural studies also reveal differences at the N- 
terminus of yeast and human Fis1 (Suzuki et al., 2003; Suzuki et al., 2005). Together 
these facts suggest that the Fis1 sequences might have diverged, possibly to 
accommodate different cellular functions in different organisms. Consistent with this 
idea, a recent finding indicates that hFis1 functions in transmitting the apoptotic signal 
from the mitochondria to the ER via a physical interaction with Bap31 at the ER. This 
interaction was shown to be required for the recruitment and activation of apoptotic 
factor, procaspase-8 (Iwasawa et al., 2011). In addition, an unpublished fis1 knockout 
study in mice indicates that Fis1 is important for embryonic development (David Chan, 
personal communication).
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In the course of my studies, I observed that a GFP tagged yFis1 transmembrane 
domain localizes to small membranous vesicles throughout the yeast cytoplasm (Sajjan 
Koirala). Although this construct predominantly colocalized with mitochondrial and 
peroxisomal markers, there were additional cellular bodies that were decorated with GFP- 
yFis1™ proteins. The identity and function of these novel membranous structures is not 
known. It may be that the Fis1 transmembrane domain can be targeted to more than one 
membrane trafficking pathway that moves in and out of mitochondria (Soubannier et al., 
2012). Future studies should explore whether localization of GFP-Fis1-TM to various 
subcellular membranous compartments has any physiological significance.
Mysteries of the Mdv1 Coiled Coil Domain
The glutamate residue at position 250 of the Mdv1 CC has been shown to be 
important for yFis1 interaction (Karren et al., 2005). When I started working on the 
Mdv1 CC project, no structural information was available to explain how a residue in the 
Mdv1 CC could influence the Fis1-Mdv1 interaction. To address this issue, I purified the 
Mdv1 CC domain and determined whether the Mdv1 CC domain interacted with the 
purified cytoplasmic TPR domain of yFis1. Surprisingly, in contrast to the genetic 
interaction identified by Karren et al., (2005) no physical interaction between the Mdv1 
CC domain and the Fis1-TPR domain were detected (Koirala et al., 2010). Several factors 
could explain this negative result. First, it is possible that the Mdv1 CC does not directly 
interact with the Fis1-TPR domain. Second, the interaction between these two domains 
may depend upon other domains of Mdv1. Our CC study, discussed in chapter 2, 
supports the latter notion that the Mdv1-E250G mediated suppression o ffis1-3 is via an 
indirect interaction. In this suppression model, parts of the NTE make contacts with the
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Mdv1 CC that is disrupted by the E250G mutation. This allows the Mdv1 NTE to make 
robust interactions with Fis1 (Karren et al., 2005). Further studies tested the validity of 
this model. When I truncated the Mdv1 CC by several heptad repeats from either end of 
the CC including the E250 residue, the suppression of fis1-3 was still observed. These 
results indicate that the E250 mediated suppression offis1-3 is by a long distance indirect 
interaction and not by a residue specific interactions (Koirala et al., 2010). Consistent 
with this model, a new co-crystal structure of the Fis1-TPR and Mdv1 NTE-CC showed 
that: 1) the NTE of Mdv1 folds back to make interactions with the Mdv1-CC domain that 
do not include residue E250 and 2) the Mdv1-NTE interaction with the Fis1-TPR is not at 
the concave surface where the temperature sensitive mutations in fis1-3 lie (Zhang et al., 
2012). Together these findings have explained the molecular mechanism of the Mdv1- 
E250G mediated suppression offis1-3 ts mutation.
The studies presented in Chapter 2 of this dissertation highlight the importance of 
the Mdv1 CC in: 1) Fis1 and Dnm1 interactions, 2) Dnm1 assembly and 3) mitochondrial 
fission. The CC domain swap and truncation studies indicated that the Mdv1 CC domain 
is not critical for mitochondrial fission but greatly enhances Dnm1 mediated fission. 
Consistent with this interpretation, the Mdv1 tethering studies in Chapter 3 indicated that 
mitochondrial fission can be achieved even without the Mdv1 CC. However, for optimal 
fission, the Mdv1 CC is required (Figure 3.1). Surprisingly, in the same study, tethered 
full length Mdv1 had very poor mitochondrial fission activity (Figure 3.1). This may be 
because, in the absence of Fis1, the NTE domain of Mdv1 may not fold properly and may 
interact non-productively with the Mdv1 CC or P-propeller domains (Zhang et al., 2012). 
Together, the domain specific studies in Chapter 2 and 3 show that the Mdv1 P-propeller
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domain is the only domain in Mdv1 that is critical for Dnm1-mediated mitochondrial 
fission but the Mdv1 CC domain enhances the efficiency of Dnm1-mediated 
mitochondrial fission, possibly by helping Dnm1 to assemble correctly into functional 
fission complexes.
Multiple Adaptors Regulate Human Dynamin-Related GTPase
Although hFis1 has long been implicated in human mitochondrial fission, the role 
of hFis1 in mitochondrial fission remained unclear, as no human Mdv1 orthologs that 
might bind hFis1 had been identified (Chan, 2006; Okamoto and Shaw, 2005; Zhao et al.,
2012). In recent years, new human mitochondrial adaptors, including Mff, MiD49 and 
MiD51, were identified that are structurally predicted to be very different from Mdv1 
(Figure 1.3 and Table 1.2) (Otera et al., 2010; Palmer et al., 2011; Zhao et al., 2011). By 
testing pair wise functions of these mammalian adaptors with Drp1 in the yeast tester 
strain, I provided direct evidence that each adaptor can independently recruit Drp1 and 
complete mitochondrial fission.
In the future, it will be important to determine whether these adaptors can also 
work together at the same fission site, and whether there are mechanistic and/or 
functional differences in fission mediated by hMff-hDrp1 versus hMiD49/51-hDrp1. 
Since these newly discovered adaptors are ubiquitously expressed, understanding the 
cellular signals that modulate these parallel fission machineries in the same and different 
cells and tissues will be critical. Interestingly, M ff is conserved in all metazoans but the 
MiDs are found only in vertebrates. Thus, differences in mitochondrial functions in 
vertebrates and invertebrates may provide clues regarding the specific functions of M ff 
and MiDs.
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Whether or not such differences are identified, the regulation of each type of 
fission should be explored. It is well established that hDrp1 is posttranslationally 
modified by phosphorylation, sumoylation, ubiquitination, and S-nitrosylation (Chang 
and Blackstone, 2010). One or more of these Drp1 posttranslational modifications could 
regulate the binding to a specific adaptor(s) under different physiological circumstances. 
In addition, it will also be important to determine if these mitochondrial fission adaptors 
compete with each other for Drp1 binding and, if  so, whether this competition is 
important for regulation of mitochondrial dynamics. Finally, there is one report that the 
MiD51 adaptor functions in mitochondrial fusion (Zhao et al., 2011). If this is the case, 
the molecular events that determine whether these adaptors carry out fission or fusion 
will have to be identified and characterized.
The field is now in the position to understand the molecular details of hMff- 
hDrp1, hMiD49-hDrp1, and hMiD51-hDrp1 interactions by solving the co-crystal or 
cryo-EM structures of these complexes. These studies will help us understand how the 
same molecule can use a variety of unrelated adaptors to promote self-assembly and lipid 
remodeling. hDrp1 is a GTPase. Studies that are focused on whether/how these adaptors 
regulate hDrp1 GTPase activity will have to take into account the posttranslational 
modifications of these proteins, as these modifications are likely to play a role in 
providing specificity to adaptor-Drp1 interactions.
Lastly, the discovery that the ER marks and constricts mitochondrial tubules prior 
to adaptor and Dnm1/Drp1 recruitment has raised a variety of new questions (Friedman 
et al., 2011). It is speculated that the constrictions created by the ER on the mitochondrial 
tubule are not sufficient for mitochondrial fission. This implies that the mitochondrial
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fission DRPs are necessary for further constriction and fission of the compartment. In 
vitro, yeast Mdv1 has been implicated in modulating Dnm1 self-assembly, and indirectly, 
assembly stimulated GTPase activity (Lackner et al., 2009). Do the mammalian adaptors 
also regulate Drp1 GTPase assembly and activity? As discussed in Chapter 3, the MiD49 
adaptor regulates hDrp1 assemblies in vitro and dramatically changes their shape. A 
mechanistic understanding of how these adaptors assist the GTPase in membrane 
constriction and fission requires in vitro assays that recapitulate coassembly of adaptors 
and DRPs on liposomes and reconstitute fission. With the purified proteins in hand, the 
field is now much closer to the development of such assays.
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Introduction
An ancient genome wide duplication in the lineage including the budding yeast 
Saccharomyces cerevisiae played an important role in the evolution of this singled celled 
eukaryote (Kellis et al., 2004; Wolfe and Shields, 1997). After this event, duplicated 
genes (paralogs) experienced accelerated evolution, most often involving one member of 
the gene pair. Of the 5885 existing S. cerevisiae genes, 450 are paralog pairs (Goffeau et 
al., 1996; Musso et al., 2007). For many of these, it remains unclear whether one of the 
genes has acquired a new function, maintains a redundant function, or has developed a 
specialized function within the same cellular process.
Mitochondrial fission is one cellular process that utilizes paralogous genes. Yeast 
mitochondrial membranes form tubular structures that undergo frequent fission and 
fusion events (Nunnari et al., 1997; Okamoto and Shaw, 2005). When fission is blocked, 
ongoing fusion creates a single, interconnected mitochondrial net (Bleazard et al., 1999; 
Otsuga et al., 1998; Sesaki and Jensen, 1999). A previous study demonstrated that defects 
in mitochondrial fission have a negative fitness cost in yeast, since these abnormal nets 
are inefficiently partitioned into newly formed daughter cells during meiotic division, and 
the resulting spores are inviable (Gorsich and Shaw, 2004). Successful mitochondrial 
fission requires an adaptor protein called Mdv1 (Cerveny et al., 2001; Tieu and Nunnari, 
2000), which bridges the interaction between the cytoplasmic dynamin-related GTPase 
Dnm1 and the mitochondrial outer membrane-anchored protein Fis1 (Cerveny and 
Jensen, 2003; Mozdy et al., 2000; Tieu et al., 2002). On the membrane, Mdv1 promotes 
the assembly of Dnm1 into spirals that often surround the mitochondrial tubule 
(Ingerman et al., 2005; Legesse-Miller et al., 2003). A subset of these structures are
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located at sites on mitochondria that ultimately divide (Legesse-Miller et al., 2003; 
Schauss et al., 2006).
An Mdv1 paralog called Caf4 was identified in a directed proteomics screen 
(Griffin et al., 2005). Like Mdv1, the Caf4 adaptor is composed of three domains, an N- 
terminal extension (NTE), a coiled-coil (CC) and C-terminal WD40 repeats predicted to 
form a P-propeller (Figure. AI.1A). The NTE domains of Mdv1 or Caf4 form a clamp 
around the Fis1 TPR-like domain, which mediates adaptor localization to the 
mitochondrial surface (Zhang and Chan, 2007). The M dvl and Caf4 WD40/p-propeller 
domains interact with, and recruit, Dnm1 to the membrane (Cerveny and Jensen, 2003; 
Griffin et al., 2005; Tieu et al., 2002). Structural studies reveal that Mdv1 dimerizes via 
an antiparallel coiled-coil (Koirala et al., 2010; Zhang et al., 2012), and Caf4 is thought to 
dimerize by a similar mechanism. Caf4 and Mdv1 also interact in vivo (Griffin et al., 
2005), though whether this occurs via coiled-coil formation between the two proteins is 
unclear.
Yeast cells lacking Mdv1 exhibit severe mitochondrial morphology defects, 
establishing an essential role for this adaptor in fission (Cerveny et al., 2001; Tieu and 
Nunnari, 2000). By contrast, loss of Caf4 function enhances mitochondrial fission defects 
when Mdv1 is absent, but does not cause obvious fission defects on its own (Griffin et 
al., 2005). Although Caf4 can function to recruit Dnm1 to mitochondria in vivo, it has not 
been shown to directly participate in membrane scission. Moreover, it is not clear 
whether there is functional divergence between the two adaptor proteins.
In this study, we directly test the function of Caf4 in mitochondrial fission. We 
show that Caf4 is a bona fide fission adaptor that assembles at sites of mitochondrial
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division. Although Caf4 can function alone as an adaptor, complexes containing both 
Caf4 and Mdv1 exhibit no obvious defects in mitochondrial fission. Genomic swapping 
studies indicate that Caf4 cannot substitute for Mdv1 in vivo. Moreover, over expression 
of Caf4 (but not Mdv1) from a regulated promoter induces dominant negative fission 
defects. When combined with phylogenetic analysis, these findings establish that Caf4 
mitochondrial fission activity has diverged from that of Mdv1.
Materials and Methods
Growth Conditions, Strains and Plasmids 
Yeast strains and plasmids used in this study are listed below. Unless noted in the 
Figure legend, standard rich or synthetic dropout media were used for growth, 
transformation and genetic manipulation of S. cerevisiae (Guthrie and Fink, 1991) and E. 
coli (Maniatis et al., 1982). Standard synthetic dextrose medium contains 0.6 mM 
methionine and cysteine.
The CAF4 gene encodes two potential initiation codons that could result in 
methionine at positions 1 and 17 of the predicted protein. To determine whether this 16 
amino acid difference at the N-terminus affected Caf4 function, we expressed proteins 
initiated from each methionine codon under control of the MET25 promoter. Because we 
observed no difference in steady-state abundance or fission function of the two proteins 
(data not shown), the longer version was used for all constructs described in this study.
Plasmids pRS414-GPD-mt-ffRFP and pRS416-MET25-MDV1 were described 
previously (Karren et al., 2005; Koirala et al., 2010). pRS414-GPD-mt-mCherry was 
generated by PCR amplification of the mCherry open reading frame that was cloned into 
the EcoRI and XhoI sites of pRS414-GPD-mt after digestion and removal of ffRFP by
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the same enzymes. pRS416-MET25-CAF4 was generated by PCR amplification of the 
CAF4 open reading frame that was cloned into the BamHI and SalI sites of pRS416- 
MET25. To construct pRS415-MET25-GFP-CAF4, the PCR amplified CAF4 open 
reading frame was cloned into the BamHI and SalI sites of pRS416-MET25-GFP. To 
construct pRS415-MET25-GFP-MDV1, the PCR amplified MDV1 open reading frame 
was cloned into the BamHI and SalI sites of pRS416-MET15-GFP. To construct 
pRS416-MET25-fRFP-MDV1, the PCR amplified fR F P  coding region was cloned into 
the SpeI and BamHI sites of pRS416-MET25-MDV1. To construct pRS416-MET25-RFP- 
CAF4, PCR amplified CAF4 was cloned into the BamHI and SalI sites of pRS-MET25- 
RFP.
Western Blotting and Protein Quantification 
Protein expression and abundance was analyzed in yeast whole cell extracts 
prepared by the alkaline extraction method (Kushnirov, 2000). 0.25 OD600 equivalents of 
extract was separated by SDS-PAGE and analyzed by Western blotting using the 
following primary antibodies: anti-yeast actin (1:5000, J. Cooper, Washington University 
Saint Louis), a-3-PGK (1: 5000, Invitrogen), anti-Mdv1 (1:1000, J. Nunnari, U. C. 
Davis) and anti-Caf4 (1:250, generated against bacterially expressed, 6His-Caf4 amino 
acids 175-659). Primary antibodies were detected using fluorescent secondary anti-goat, 
anti-rabbit or anti-mouse IRDye 800 (LiCor). Fluorescent signals were quantified using 
an Odyssey scanner and Odyssey 3.0 analysis software (LiCor). In Figure AI.2B, anti- 
Caf4 or anti-Mdv1 signals were first normalized to anti-actin signals. The abundance of 
each protein was subsequently normalized to its abundance in 2.0 mM methionine. In
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Figure AI.3B, anti-Caf4 or anti-Mdv1 signals were normalized to anti-3-PGK. In all 
experiments, data are represented as the mean and SD of three independent experiments.
Quantification o f Mitochondrial Morphology 
Mitochondrial morphology was scored in WT and mutant cells expressing fast
o
folding matrix-targeted red fluorescent protein (mt-ffRFP). Strains were grown at 30 C in 
selective dextrose synthetic medium and scored in log phase (0.2-0.8 OD600). Basal 
expression levels of Mdv1 and Caf4 proteins from the MET25 promoter under these 
conditions result in an approximately five-fold increase over endogenous Mdv1 or Caf4 
protein levels with no adverse effects on mitochondrial morphology or fission (Karren et 
al., 2005)(data not shown). For the methionine titration experiments in Figure AI.2A, 
caf4A mdvlA (adaptor null JSY8612 cells) expressing the indicated Caf4 and Mdv1
o
proteins from the MET25 promoter were grown in selective dextrose medium at 30 C 
overnight. Cultures were diluted to 0.2 OD600 in selective dextrose medium lacking 
cysteine and containing the indicated concentrations of methionine to suppress expression 
from the MET25 promoter. Cultures were grown for 3 hours prior to scoring. 
Mitochondrial phenotypes were scored in 100 cells, and data are represented as the 
average and SD of three independent experiments.
Colocalization Studies 
Log phase caf4A mdvlA cells expressing GFP- or RFP-labeled Mdv1 and Caf4 
were grown in standard selective dextrose medium, fixed in 4% formaldehyde (Fisher 
Scientific) for five minutes at room temperature and washed three times with phosphate 
buffered saline (PBS, 137mM NaCl, 2.7mM KCl, 4.3mM Na2HPO4, 1.47mM KH2PO4,
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pH 7.4). Cells were imaged on a Nikon fluorescence microscope using a 100X oil 
immersion objective, EGFP and DsRed filters and a Coolsnap HQ digital camera 
(Phototmetrics). Z-stacks (0.2 |im optical sections) were acquired and processed using the 
DeltaVisionRT system and accompanying DeltaVision software (Applied Precision, 
Issaquah, WA). Colocalization of GFP and RFP signals was determined in three 
dimensions using the Orthogonal View function of the DeltaVision software. The number 
of GFP puncta colocalized with RFP puncta was quantified and normalized to the total 
number of RFP puncta in each cell (n=10 cells). Bars and error bars represent the average 
and SD of three independent experiments.
Time-lapse Imaging
For dual-color time-lapse imaging, log phase caf4k mdv1A cells expressing GFP- 
Caf4 and mitochondrial targeted RFP were grown in standard selective synthetic dextrose 
medium and applied to concanavalin A (2 mg/ml, Sigma) treated Lab-tek II Chamber 
wells (Thermo Scientific) maintained at 30°C. Z-stacks (0.2 |im optical sections) of fields 
of cells were acquired every 7 seconds over a 20 minute time course using a 3-I Marianas 
Live Cell Imaging microscope workstation (Denver, CO), equipped with dual ultra­
sensitive Cascade II 512B EMCCD cameras (Roper Scientific, RS) configured with a 
Roper Dual-cam and Sutter DG-4 Illuminator (Sutter Instruments) for simultaneous two- 
channel TIRF/fluorescence acquisition with a 100X, 1.45 NA Plan-Apochromat objective 
(Zeiss). Data were deconvolved and analyzed using SlideBook 4.2 software (Intelligent 
Imaging Innovations, Inc). Substacks containing fission events were isolated from the 
entire stack to minimize signal background and assembled in Photoshop (CS3, Adobe).
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Brightness and contrast were adjusted using only linear operations applied to the entire 
image.
Three-color time-lapse imaging was carried out as described above with the 
following changes. Log phase caf4k mdvlA cells expressing integrated Cerulean-Caf4 
and EYFP-Mdv1 from the MET25 promoter (JSY9774) and plasmid-borne mt-mCherry 
were grown overnight at 30°C in selective synthetic dextrose medium. Cultures were 
diluted to 0.3 OD600 in medium lacking cysteine and containing 1.0 mM methionine 3 
hours before imaging. Z-stacks (0.2 |im optical sections) of fields of cells were acquired 
every 10 seconds over a 25-minute time course using a CerFP/EYFP/mCherry filter set 
(Semrock) and dual Cascade II 512B EMCCD cameras and Sutter DG-4 illuminator 
(Sutter Instruments) for imaging EYFP, mCherry, and Cerulean signals.
Phylogenetic Analysis 
Blast (NCBI) was used to identify homologs of Caf4 and Mdv1. The genomic 
sequences of homologs were identified via the Saccharomyces Genome Database and 
GOLD (Genomes OnLine Database). Predicted protein sequences used to generate this 
tree were obtained from: YKR036C (S. cerevisiae CAF4), YJL112W (S. cerevisiae 
MDV1), PORF 13363 (S. paradoxus CAF4), PORF 11728 (S. paradoxus MDV1), PROF 
13800 (S. mikatae CAF4), Contig 2819.8 (S. mikatae MDV1), PROF 15127 (S. bayanus 
CAF4), PROF 12617 (S. bayanus MDV1), Contig 1606.5 (S. kudriavzevii CAF4), GS115 
(P. pastoris ortholog), KLTH0E15576p (L. thermotolerans ortholog), Af293 (A. 
fumigatus ortholog). Amino acid sequences were aligned using ClustalW2 (European 
Bioinformatics Institute) and indels were removed. PhyML (European Bioinformatics 
Institute) was used to calculate and assemble the phylogenetic tree.
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Table A.1: Plasmids Used in this Study
Strain ID Plasmid Protein Expressed Reference
B493 pRS415-MET25 None ATCC 87322
B494 pRS416-MET25 None ATCC 87324
„ N. crassa ATP9
B1642 pRS4l2- GpU-mt- (1-69) + fast Karren et al., 2005
folding DsRed (RFP)
B2053 pRS416-MET25-MDV1 Mdv1 Karren et al., 2005
B2212 pRS416-MET25-CAF4 Caf4 This Study
B2290 pRS415-MET25-GFP-CAF4 GFP-Caf4 This Study
B2291 pRS416-MET25-ffRFP-MDV1 RFP-Mdv1 This Study
B2384 pRS415-MET25-GFP-MDV1 GFP-Mdv1 This Study
B2408 pRS416-MET25-ffRFP-CAF4 RFP-Caf4 This Study
B3002 p414-GPD-mt-mCherry N. crassa ATP9 (1-69) + mCherry This Study
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ura3-52 leu2A1 his3A200 trp1A63 Koirala et al., 2010
ura3-52 leu2A1, his3A200, trp1A63, 
caf4::KanMx, mdv1::HIS3 
ura3-52 leu2A1 his3A200 trp1A63 
caf4::KanMx 
ura3-52 leu2A1 his3A200 trp1A63 
mdv1::HIS3 




ura3-52 leu2A1 his3A200 trp1A63 
lys2A202 caf4::KanMXmdv1::CAF4 
ura3-52 leu2A1 his3A200 trp1A63 
caf4::MDV1, mdv1::HIS3








Caf4 is Present at Mitochondrial Fission 
Sites and is Sufficient for Fission 
A genome wide analysis of yeast protein expression showed that the abundance of 
Caf4 is one sixth that of Mdv1 (Ghaemmaghami et al., 2003). This finding raised the 
possibility that lower expression of Caf4 relative to Mdv1 was responsible for the 
functional differences observed for the two fission adaptors. We tested this idea by 
examining the effect of increasing Caf4 expression on mitochondrial fission in vivo. As 
shown in Figure A.1B, 100% of wildtype (WT, CAF4 MDV1) cells expressing Caf4 and 
Mdv1 had branched, tubular mitochondria, while cells lacking both adaptors had severe 
fission defects (caf4A mdvlA, 3% cells with WT morphology). Similar to previous 
reports (Griffin et al., 2005), an mdvlA strain expressing endogenous Caf4 exhibited 
significant fission defects (CAF4 mdvlA, 29% cells with WT morphology), and a caf4A 
strain expressing endogenous Mdv1 exhibited essentially no fission defects (caf4A 
MDV1, 95% cells with WT morphology). Importantly, when Caf4 expression was 
induced from the MET25 promoter on a plasmid in the caf4A mdvlA strain, the 
population of cells with WT mitochondrial morphology increased to 51%. This increased 
rescue of fission defects was correlated with a 5.4-fold increase over native Caf4 
expression (data not shown).
Time-lapse imaging studies confirmed that Caf4 in these cells was mediating 
mitochondrial fission when Mdv1 was absent. By epifluorescence microscopy, Dnm1- 
containing fission complexes appear as puncta that colocalize with mitochondrial tubules
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Figure A.1. Caf4 Functions Independently as a M itochondrial Fission A daptor.
(A) Domain structure of the Caf4 fission adaptor, including the N-terminal extension 
(NTE), predicted coiled-coil (CC), and WD40 repeats predicted to form a P-propeller 
(WD40 repeats/ P-propeller). (B) Quantification of mitochondrial morphology in the 
indicated strains (n=100 cells). Bars and error bars are the mean and SD of three 
independent experiments. (C) Time-lapse imaging of a mitochondrial fission event
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(Otsuga et al., 1998). Mdv1 or Caf4 also appear in these puncta after coassembly with 
Dnm1 (Cerveny et al., 2001; Griffin et al., 2005; Tieu and Nunnari, 2000). In mdvlA 
caf4A cells expressing GFP-Caf4 protein, green Caf4 puncta mediated by GFP-Caf4 
expressed in a caf4A mdv1A strain. Mitochondria are labeled with mt-RFP. Scale bar: 5 
^m. were observed on mt-RFP labeled mitochondrial tubules at sites where fission 
occurred (Figure A.1C arrow, a representative example is shown). Together, these results 
indicate that Caf4 can function independently as a fission adaptor in yeast.
The Caf4 andMdv1 Adaptors Are not Functionally Equivalent 
Although Caf4 can carry out fission in the absence of Mdv1, the two adaptors 
may not be functionally equivalent. To test this possibility, Caf4 and Mdv1 were 
expressed from the MET25 promoter in a caf4A mdvlA strain, and the abundance of each 
adaptor was increased by reducing the methionine concentration in the medium. WT 
mitochondrial morphology increased from 41% to 80% (Figure A.2A) when Mdv1 steady 
state abundance was raised 4.2-fold by removing methionine from the medium (Figure 
A.2B). By contrast, raising Caf4 steady-state abundance 1.3-fold (1.0 mM methionine, 
Figure A.2B) initially increased WT mitochondrial morphology from 49% to 57% 
(Figure A.2A). Further induction to 2.6-fold Caf4 over expression (0.0 mM methionine) 
reduced the rescue to 29%, indicating that increasing Caf4 expression had a dominant 
negative effect on mitochondrial fission. Although we did not observe dominant-negative 
fission defects by increasing Mdv1 expression 4.2-fold (0.0 mM methionine) in these 
studies, we were able to induce dominant-negative defects by over expressing Mdv1 from 
the inducible GAL1 promoter (~20-fold induction, data not shown) (Cerveny and Jensen, 
2003). These different effects of Caf4 and Mdv1 over expression on mitochondrial
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Figure A.2. Caf4 and Mdv1 Are not Functionally Equivalent.
(A) Quantification of mitochondrial morphology in a caf4A mdv1A strain expressing 
Caf4 or Mdv1 from the repressible MET25 promoter in media containing different 
methionine concentrations (n=100 cells). (B) Protein abundance of Caf4 or Mdv1 
expressed from the repressible MET25 promoter in difference methionine concentrations. 
The abundance of each protein was subsequently normalized to its abundance in 2.0 mM 
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fission support the idea that the fission adaptor functions of the two proteins are not 
equivalent.
We also tested whether expression of Caf4 from the native MDV1 promoter and 
locus was sufficient to replace Mdv1 function. Mitochondrial morphology was WT in 
cells expressing only Mdv1 from its native locus (Figure A.3A). When Caf4 alone was 
expressed from the MDV1 promoter, Caf4 abundance increased 1.6-fold over the 
endogenous level (Figure A.3B) but mitochondrial fission remained defective (Figure 
A.3A, 20% WT morphology). (Note that this 1.6-fold increase is lower than the level of 
Caf4 expression shown to cause dominant negative fission defects in Figure A.2). Thus, 
Caf4 expressed from the MDV1 locus is not able to support WT levels of mitochondrial 
fission. By contrast, we observed a 0.6-fold decrease in expression of Mdv1 from the 
CAF4 promoter with a corresponding decrease in WT mitochondrial morphology. We 
also noted a reproducible 1.3-fold increase in Caf4 expression from its native locus when 
the MDV1 coding region was deleted. However, Mdv1 abundance did not change 
significantly when CAF4 was absent. Thus, regulatory circuits that control expression 
from the CAF4 gene may be able to sense and respond to changes in cellular Mdv1 
abundance.
Caf4 andMdv1 Can Work Together at a Mitochondrial Fission Site 
Mdv1 self-assembles via dimerization of an internal coiled-coil (Koirala et al., 
2010; Zhang et al., 2012) and, based on structural predictions and two hybrid assays, 
Caf4 is predicted to behave in a similar manner. Caf4 and Mdv1 can also interact with 
one another (Griffin et al., 2005). However, it is not known whether Caf4 and Mdv1 can
124
125
Figure A.3. Caf4 Causes Dominant-negative Fission Defects when Expressed from 
the MDV1 Prom oter at the MDV1 Locus.
(A) Quantification of mitochondrial morphology in the indicated strains (n=100 cells).
(B) Steady-state abundance of Caf4 and Mdv1 in strains shown in (A). Owing to the use 
of different antibodies, the abundance of Caf4 and Mdv1 in the same and different strains 










function together during mitochondrial fission. To address this question, we examined the 
extent and function of Caf4 and Mdv1 colocalization in vivo.
We began by quantifying the colocalization of GFP-Caf4 with RFP-Caf4 and 
GFP-Mdv1 with RFP-Mdv1 in cells lacking WT versions of the two proteins. Since 
fluorescent puncta in these experiments contain a single fission adaptor coassembled with 
Dnm1, these numbers represent the maximum colocalization we would expect to observe. 
Representative images of the categories scored are shown in Figure A.4A (colocalized, a­
c; not colocalized, d-f). Using this approach, 85% of Caf4 and 82% of Mdv1 signals 
colocalized in these studies, with the majority of puncta displaying the colocalization 
pattern shown in Figure A.4A, a and b (72% and 81% respectively).
Next we quantified the colocalization of GFP-Caf4 and RFP-Mdv1 in 
mitochondrial puncta. We observed that 56% of RFP-Caf4 puncta colocalized with GFP- 
Mdv1 puncta (Figure A.4B). Of these 56%, (t = 0s, white signal in overlay) were able to 
mediate fission of an mCherry-labeled mitochondrial tubule. In the example shown, 
fission was complete after 80 seconds, at which point Caf4 and Mdv1 disassembled and 
dispersed along the surface of the majority (77%) displayed the colocalization pattern 
shown in Figure A.4A, a and b. Similar results were obtained with GFP-Caf4 and RFP- 
Mdv1 (data not shown), indicating that placement of the fluorescent protein tags did not 
affect the experimental results.
Further analysis established that mitochondrial fission occurred at sites where 
Caf4 and Mdv1 colocalized. As shown in Figure A.4C, time-lapse imaging studies of 
cells expressing Cerulean-Caf4 and EYFP-Mdv1 showed that puncta containing both 
adaptors (t = 0s, white signal in overlay) were able to mediate fission of an mCherry-
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Figure A.4. M itochondrial Puncta Containing both Caf4 and Mdv1 Are Fission 
Competent.
Large panel at the left shows a representative image of caf4A mdv1A cells expressing 
GFP-Caf4 and RFP-Mdv1. Scale bar: 5 ^m. a-f marks puncta enlarged from the image in 
(A) at the left. Examples of partially or completely co-localized (a-c) versus isolated (d- 
f) puncta are shown. Scale bar: 0.2 ^m. (B) Quantification of Caf4 and Mdv1 
colocalization. GFP- or RFP-tagged Caf4 and Mdv1 were expressed in caf4A mdv1A 
cells in the pair-wise combinations indicated. The number of GFP puncta colocalized 
with RFP puncta was quantified and normalized to the total number of RFP puncta in 
each cell (n=10 cells). Bars and error bars are the mean and SD of three independent 
experiments. (C) Time lapse imaging of a mitochondrial fission event at a site where 
Caf4 and Mdv1 co-localize. Cerulean-tagged Caf4 (shown in cyan pseudo-color) and 
EYFP-Mdv1 were integrated at the HO and MDV1 loci, respectively. Mitochondria were 
visualized using plasmid-borne mt-mCherry. The overlay contains true color images of 
all three channels. White areas indicate regions where signals from all three fluorescent 
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labeled mitochondrial tubule. In the example shown, fission was complete after 80 
seconds, at which point Caf4 and Mdv1 disassembled and dispersed along the surface of 
the separated tubules. These data provide a direct demonstration that Caf4 and Mdv1 can 
work together at the same mitochondrial fission site in vivo.
Eolution o f the Fungal Fission Adaptors 
A major event in the evolutionary history of Saccharomyces cerevisiae was an 
ancestral whole genome duplication, which was followed by elimination of many 
redundant gene copies during the divergence of species in the genus Saccharomyces 
(Kellis et al., 2004; Wolfe and Shields, 1997). Our phylogenetic analysis indicates that 
CAF4 and MDV1 are among those redundant gene copies that have been retained during 
evolution. As shown in Figure A.5, Pichia pastoris, Lachancea thermotolerans and 
Aspergillus fumigatus contain only a single gene that is homologous to CAF4/MDV1. 
Duplication of this ancestral gene gave rise to CAF4 and MDV1 in most Saccharomyces 
species, consistent with an origin resulting from whole genome duplication. The 
increased branch lengths in the Caf4 clade compared to the Mdv1 clade indicate that the 
Caf4 protein has undergone more amino substitutions than Mdv1 since the original 
duplication event. This observation suggests that Mdv1 is under tighter constraints to 
perform its essential function in mitochondrial fission, consistent with our functional 
analysis. One possible outcome of this accelerated rate of Caf4 protein evolution is that 
the CAF4 gene will ultimately be lost from the Saccharomyces genome. However, it 
appears that MDV1, but not CAF4, was lost from Saccharomyces kudriavzevii. Thus, 
Caf4 can either substitute for Mdv1 function or a completely different protein has 
assumed the essential role in membrane fission in this species. An alternative outcome in
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Figure A.5. Phylogenetic Relationship of Caf4 and M dvl in Representative Fungi.
The amino acid sequences of paralogs from fully sequenced fungal genomes were 
aligned using ClustalW2 and a phylogenetic tree was constructed using the maximum- 
likelihood method. Bootstrap values above 50 are shown at the nodes of the branches. 
Branch lengths are proportional to the number of amino acid substitutions per site. The 
Caf4 and Mdv1 clades are marked by vertical lines. Scale bar: 0.1 substitution per site in 
the protein.
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species with both proteins is that Caf4 will acquire additional or novel function(s) (see 
discussion).
Discussion
Prior to this study, the Caf4 adaptor was known to function early in fission to 
recruit Dnm1 to the outer mitochondrial membrane. However, whether Caf4 participated 
in mitochondrial membrane fission after Dnm1 recruitment was unclear. Our results 
provide a direct demonstration that, in the absence or presence of Mdv1, Caf4 localizes in 
complexes on mitochondria that carry out membrane division.
It has been suggested that Caf4 serves as regulator of mitochondrial fission. We 
think it is unlikely that Caf4 acts as a positive regulator, since its presence or absence has 
little effect on Mdv1-mediated fission in WT cells. Several observations also suggest that 
Caf4 does not act as a negative regulator. When Caf4 is expressed in the absence of 
Mdv1, fission occurs and the time course of fission is similar to WT. In addition, when 
Caf4 and Mdv1 are both present in mitochondrial puncta, fission appears to occur 
normally. However, Caf4 and Mdv1 are not functionally equivalent. When expressed at 
maximum levels from the MET25 promoter, Caf4 (but not Mdv1) causes dominant- 
negative fission defects. Moreover, expression of the CAF4 gene from the MDV1 
promoter in the genome is not sufficient to restore mitochondrial fission to levels 
observed in an MDV1 caf4A strain.
In many instances, one member of a duplicated gene pair is retained during 
evolution because it develops a specialized function (subfunctionalization) within a 
cellular process or because it acquires an entirely new function (neofunctionalization) 
(Kafri et al., 2009). There is evidence that Caf4 has acquired a specialized function in
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mitochondrial biology. Jakob and colleagues showed previously that Caf4 (but not Mdv1) 
plays a role in orienting a subset of mitochondrial Dnm1 puncta toward the yeast cell 
cortex (Schauss et al., 2006). This Dnm1 orientation is proposed to anchor mitochondria 
near the plasma membrane and distribute them at the cell periphery. Caf4 has also been 
shown to participate with Dnm1, Mdv1 and Fis1 in peroxisome division (Hofmann et al., 
2009; Motley et al., 2008). Although it is possible that Caf4 has acquired specialized 
functions in peroxisome division, we do not observe changes in peroxisome morphology 
in caf4k cells relative to WT (data not shown). Moreover, cells lacking Caf4 grow as 
well as WT on carbon sources that require peroxisome function (i.e. oleate, data not 
shown). If Caf4 had acquired a new function in a critical cellular process, loss of Caf4 
would be expected to affect yeast fitness. However, our extensive analyses of caf4k cells 
has not uncovered conditions that confer a fitness advantage or disadvantage relative to 
WT with respect to cell growth, sporulation, mtDNA maintenance, mitochondrial 
respiratory function, or drug sensitivity (data not shown). Future studies competing a 
caf4k mutant against wildtype strains under additional conditions may uncover a more 
subtle fitness cost.
Our phylogenetic analysis revealed a slightly accelerated rate of amino acid 
substitution for Caf4 relative to Mdv1. However, both adaptors have retained roles in 
mitochondrial fission, arguing against the idea that the CAF4 gene is likely to be lost, like 
many other paralogs originating from whole gene duplication. Instead, Caf4 and Mdv1 
appear to work synergistically, with Mdv1 carrying out the majority of fission in 
proportion to its higher level of expression. Consistent with this model, we find that Caf4 
and Mdv1 are cross-regulated, with Caf4 expression increasing when Mdv1 is absent.
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The fact that Caf4 has acquired the ability to orient Dnm1 at the cell cortex (Schauss et 
al., 2006) also supports the idea that the CAF4 gene has been retained because it confers 
some type of selective advantage. It remains to be determined whether/how the Dnm1- 
orienting ability of Caf4 measurably contributes to overall fitness in yeast, and how 
species like S. kudriavzevii have compensated for the loss of Mdv1.
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